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Abstract: Effective Field Theory (EFT) technique is one of the most elegant ways to
capture the impact of high scale theory, if any, at some low energy by incorporating higher
mass dimensional (≥ 5) effective operators (Oi). The low energy EFT is described in terms
of only light degrees of freedom (DOF) which can appear on-shell. An essential task while
developing the EFT framework is to compute these Oi’s. Hilbert Series (HS) is a novel and
mathematically robust method to construct the complete set of gauge invariant indepen-
dent, effective operators. The HS requires the knowledge of the transformation properties
of the light DOF and the covariant derivatives under the internal gauge symmetries and
conformal groups. The Hilbert Series method, by its virtue, automatically takes care of
the redundancies in the operator set due to the Equations of Motion (EOMs) of fields and
Integration by Parts (IBPs) with impeccable accuracy.
In this paper, we have adopted this methodology to construct the complete set of inde-
pendent operators up to dimension-6 in the “Warsaw”-like basis for two different Beyond
Standard Model scenarios – Two Higgs Doublet Model (2HDM) and Minimal Left-Right
Symmetric Model (MLRSM). For both these cases, we have calculated the corrections to
the scalar, gauge boson and fermion mass spectra due to the dimension-6 operators. The
additional contributions to all the Feynman vertices are computed and their impact on
different observables, namely Weak mixing angle, Fermi constant, ρ and oblique (S, T, U)
parameters. We have further discussed how the magnetic moments of charged leptons and
production and decay of the massive BSM particles, e.g., charged scalar and different rare
processes are affected in the presence of effective operators. We have also constructed the
effective scalar four-point interactions and commented on the possible reinvestigation of
the theoretical constraints, e.g., unitarity and vacuum stability within these frameworks.
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1 Introduction
The Standard Model (SM) of particle physics is the most successful theory to describe
the dynamics of the sub-atomic particles. Most of the predictions of the SM are verified
experimentally with impeccable accuracy. Nevertheless, the SM fails to explain many
experimental observations, e.g., neutrino mass, the anomalous magnetic moment of the
muon, dark matter, etc. Thus we are confident about the necessary existence of some theory
Beyond Standard Model (BSM). The actual form of the BSM is yet to be unveiled, but it
is expected that low energy physics, e.g., SM has emerged from some more fundamental
theory lying at some higher scale. If we believe in such a proposal, then one needs to
derive the low energy lagrangian from that relatively complete theory. To do so, the
massive modes of that complete theory, i.e., the heavier particles having mass > scale
of low energy theory must be integrated out. In the process, higher mass dimensional
operators, suppressed by the mass of the integrated out particles, are generated alongside
the renormalizable lagrangian describing relatively low energy physics. Then the new
lagrangian at low energy will be written as L = L4 + ∑
i∈N
Ci+4Oi+4Λi , where L4 contains all
renormalizable terms up to mass dimension-4, and Oi+4’s are the effective operators of
mass dimension [M ]i+4. The Ci+4’s are the associated Wilson Coefficients (WCs). These
effective operators and their respective WCs are expected to capture the footprints of the
high scale theory. This idea is the basic anthem of the so-called “Effective Field Theory”
(EFT) which provides a platform to realise the high scale physics in terms of low energy
effective lagrangian. One can consult Refs. [1–27] where different aspects of effective field
theory have been discussed.
But can we construct a low energy effective field theory even if we do not know the
exact nature of the high scale physics? Yes, that is indeed possible. One can always add
gauge invariant operators of different mass dimensions to the renormalizable low energy
lagrangian [5–14, 14, 15, 15, 16, 16, 18, 27–43]. Based on this idea, over the years, EFT
has become one of the most sophisticated tools to sense the presence of new physics, even
without knowing it exactly. This version of EFT relies only on the light degrees of freedom
(DOF). The new physics is captured in the WCs, which are free parameters and blind to
the exact form of the BSM theory. Here, one must include the “complete set of gauge
invariant independent operators of particular mass dimension” such that the operators
can form a basis [44, 45]. This idea was first implemented in the context of the SM in
[44, 45]. It has been noted in Refs. [45–48] that based on the SM interactions and the
particle content one can construct 59 gauge invariant independent dimension-6 operators
in a specific basis, known as the “Warsaw” basis. Here, the lepton, as well as baryon
number symmetries, are assumed to be respected. While constructing these operators, the
most subtle aspect is the identification of independent operators. Since we are dealing
with the dynamical field variables, the derivatives (more specifically covariant derivative)
appear in the operator structures almost in the same footing as the quantum fields. Thus
it is very much possible that two differently structured operators may be related to each
other by Equations of Motion (EOMs) of the fields or they may differ by a total derivative.
The appearance of the total derivative is related to one of the properties of the derivative
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operator – Integration by Parts (IBPs) [44, 45, 49, 50]. These redundancies can be avoided
by incorporating the EOMs and IBPs explicitly. One can look into the Refs. [44, 45] where
the SM-Effective Field Theory (SMEFT) with dimension-6 operators was constructed based
on this principle. In [51] the complete set of dimension-7 operators has been computed.
The methodology discussed in these papers was adequate, but can be tedious to implement
for BSM models with extended symmetries and(or) more particles.
Recently a new approach has been developed to construct the higher mass dimen-
sional (≥ 5) operators based on the Hilbert Series (HS) method within the SM framework
[9, 36, 37, 52–54, 54–58]. This provides a mathematically elegant, and rigorous platform
to reveal the algebraic structures of the SMEFT. In this construction, information of the
underlying global, gauge, and also space-time symmetries is utilised in the form of “char-
acters” of representations of the field variables. We would like to specifically mention here
that the derivative operators are treated in the same footing as the quantum fields in this
construction. The derivatives transform under the conformal group, which is SO(4, 2) in
our case. This method automatically takes care of the redundancy in the operator set and
generates all independent operators, which is its best merit. Thus explicit implementations
of the EOMs and IBPs can be avoided which may be cumbersome for general gauge struc-
tures involving multiple field representations. This algebraic method certainly widens the
reach of the EFT program beyond the SM.
Now, coming back to the utility of the EFT framework, we have to remember that a
finite number of WCs are capable of representing almost all possible BSM scenarios which
can affect the low energy physics. In general, effective field theory provides a better handle
to deal with the unknown BSM physics, if it is there and interferes with the SM interactions.
Most of the BSM models contain too many free parameters and suffer from a lack of
predictability. Therefore, from that perspective, the EFT approach is very economical and
captures the new physics in a much more concise form. For example, if there is a deviation
between the experimental data and the SM predictions, then it can be explained in terms
of a few effective operators. The corresponding WCs can be constrained very acutely as
the DOF of the analysis will be less as compared to a complete BSM theory. The fitted
values of these WCs are obtained using experimental data and based on the low energy
effective lagrangian.
An essential aspect of phenomenological analyses is identifying the parameter space for
different BSM models allowed by the experimental data till date. In the SMEFT framework,
the BSM effects appear in the form of effective operators along with the renormalizable SM
lagrangian. For decades, the precision low energy observables, e.g., Weak mixing angle,
Fermi constant, ρ and oblique (S, T, U) parameters have been used to determine the precise
room left for the physics beyond the Standard Model [59–80]. The impact of these effective
operators on the low energy precision observables, magnetic moments, and theoretical
constraints in the scalar sector are discussed in [44, 62, 67, 80–82, 82–94]. Their role in
the context of collider phenomenology, neutrino masses, and rare processes are addressed
in [38, 55, 68, 88–90, 95–149].
In the process of adjudging the BSM parameter space under the light of present and
future proposed colliders, and other low energy experiments we consider mostly the renor-
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malizable BSM lagrangian. But these TeV scale BSM scenarios (NP1) could be effective
theories which are generated from more complete theories (NP2) lying at an energy scale
just beyond the access of present experiments. Then considering only the renormalizable
BSM lagrangian may be misleading while drawing the exclusion limits in BSM parameter
space. It has also been noted that the final remarks on the parameters of NP1 may alter
significantly once we include the effective operators [55, 111, 115–118]. Also, in the light of
future colliders, like FCC [150–152], the realisation of the effective TeV scale BSM scenarios
could be significant. Recent works have already introduced the novelty of effective BSM
(BSM-EFT) scenario in the context of 2HDM-EFT, see Refs. [54, 111, 112, 153–155].
In this paper, we have borrowed the concept and methodology of Hilbert Series (HS)
that has been used for SMEFT construction in [9, 37, 52, 53] and implemented to under-
stand BSM-EFT. This paper, to our knowledge, is one of the earlier attempts to construct
the complete BSM-EFT lagrangian up to dimension-6 effective operators using the HS
method. To start with, we have briefly discussed the underlying principle of effective op-
erator construction using Hilbert Series. Around the TeV scale, many BSM theories have
been developed. Among them, we have adopted the following scenarios: Two Higgs dou-
blet (2HDM) and Minimal Left-Right Symmetric (MLRSM) models. We have computed
the complete set of independent dimension-6 operators in the “Warsaw”-like basis for these
two BSM scenarios using the HS method. We have considered the most generic Two Higgs
Doublet Model, i.e., no Z2 symmetry has been imposed. In [112, 154] the dimension-6 oper-
ators are computed for Z2 symmetric 2HDM based on the method discussed in [44, 45]. We
have noted a few erroneous operators in [112] and corrected them. We have further revis-
ited the spectrum computation performed in [112, 154] but with the most generic operator
set. We have carried a similar task for the effective MLRSM case. For both the models,
we have discussed the complete effective lagrangian exhaustively. We have further com-
puted all the modified Feynman vertices after the inclusion of dimension-6 operators. We
have rigorously estimated the impacts of those effective operators on different low energy
observables, e.g., Weak mixing angle, Fermi constant, ρ and oblique (S, T, U) parameters.
Then we have mentioned how the production, and decay of the massive BSM particles can
be affected within this EFT framework in the presence of the modified interactions. In
this connection, we have outlined the possible sources of additional contributions to the
magnetic moment interactions and rare lepton flavor, and number violating processes, e.g.,
neutrinoless double beta decay, radiative and three-body decays of charged leptons. We
have also derived the modified amplitude for the scalar four-point interactions and rea-
soned the necessity of further investigation of the theoretical constraints, e.g., unitarity,
and vacuum stability. Then we have concluded with a note mentioning the possible future
directions one can think of, based on this work.
2 Hilbert Series and Effective Operators
In this section, we have briefly sketched the Hilbert Series (HS) method [9, 36, 37, 52–
54, 54, 56–58] based on which our BSM-EFT construction has been developed. There are
two important ingredients to define the HS: (i) Plethystic Exponentials (PEs) and (ii) the
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Haar measure. The generic form of the Hilbert Series can be given as [9, 56–58]:
H[φ] =
n∏
j=1
∫
Gj
dµj︸︷︷︸
Haar Measure
PE[ϕ,R]︸ ︷︷ ︸
Plethystic Exponential
, (2.1)
where, ϕ is a spurion variable which can be either a scalar (φ), a fermion (ψ) or a gauge
field (Aµ). Here, the PEs are integrated on the symmetry (group) space using the Haar
measure dµ. The Plethystic Exponentials for bosonic and fermionic fields are written as
[9, 56–58]:
PE[φ,R] = exp
[ ∞∑
r=1
φrχR(z
r
j )
r
]
, (2.2)
PE[ψ,R] = exp
[ ∞∑
r=1
(−1)r+1ψ
rχR(z
r
j )
r
]
, (2.3)
respectively. Here, χR(z
r
j ) is the “Weyl” character corresponding to the representation R
of the spurion fields (φ, ψ) under the symmetry group Gj .
For a given group G, the form of the Haar measure can be expressed as [156–158]:
∫
G
dµG =
1
(2pii)k
∮
|z1|=1
....
∮
|zσ|=1
dz1
z1
....
dzσ
zσ
∏
α+
[
1−
k∏
m=1
(zm)
α+m
]
, (2.4)
where α+m, and k are the positive roots and rank of the group G respectively.
Thus it is evident that the HS construction relies on two pieces of information: (a)
the DOF, i.e., particle content and (b) the transformation properties of the particles under
the given symmetries. If we restrict ourselves to the quantum fields, i.e., particles then the
information we have gathered so far is sufficient to compute the HS. But we are interested
in a complete set of operators, and that includes operators involving derivatives. Since
the derivatives transform under space-time symmetry, we need knowledge of the conformal
group along with the internal symmetries1. Due to the intrinsic properties of derivative,
additional constraints might appear in the form of Equations of Motion (EOMs), and
Integration by Parts (IBPs). It leads to the overcounting in the operators. Thus we
should carefully identify the redundancy in the operator set to construct only independent
operators so that they can form a basis. Now we will discuss how the HS construction can
automatically take care of this issue, which is one of the most significant merits of this
program.
To do so, we need to construct the characters of the derivative operator D under the
conformal group SO(4, 2)2 [9, 52, 56, 159–165]. The extra two dimensions (+2) increase
the rank of the conformal group by one unit which appears as a scaling dimension (∆) of
the representation. In our analysis, ∆ is the mass dimension of the operator/fields, e.g., 1
for boson, 3/2 for fermions, etc. The remaining part of the conformal group is the Lorentz
group. But as the Lorentz group (LG) is not compact, its unitary representation is infinite
1The transformation properties of the fields, having non-zero spin, under the space-time symmetry group
must be taken into account. The forthcoming discussion addresses this as well.
2As we are working in 3+1 dimensional space-time.
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dimensional [166]. Thus we will realize Lorentz group as SO(4,C) ' SU(2)L⊗SU(2)R. The
Verma module characters [166] of SO(4,C) with highest weight (l1, l2)
[
χ
(4)
(l1,l2)
(x1, x2)
]
can
be written as the product of the Verma module characters of SU(2)L with highest weight
j1
[
χj1(x)
]
, and SU(2)R with highest weight j2
(
χj2(y)
)
as [9, 52, 56, 159–162, 167]:
χ
(4)
(l1,l2)
(x1, x2) = χj1(y1) ∗ χj2(y2), (2.5)
where l1 = j1 + j2, l2 = j1 − j2, x1 = y1/21 y1/22 , and x2 = y1/21 y−1/22 . Using this generic notion as
discussed by F. A. Dolan in [159], the characters of unitary irreducible representations of SO(4, 2)
can be given as [9, 52, 56, 159, 168–170]:
χ
(4)
[j1+j2+2;j1,j2]
(s, y1, y2) = s
j1+j2+2
(
χj1(y1)χj2(y2)− sχj1− 12 (y1)χj2− 12 (y2)
)
P (4)(s, y1, y2),
χ
(4)
[j1+1;j1]
(s, y1, y2) = s
j1+1
(
χj1(y1)− sχj1− 12 (y1)χ 12 (y2) + s
2χj1−1(y1)
)
P (4)(s, y1, y2),
χ
(4)
[j2+1;j2]
(s, y1, y2) = s
j2+1
(
χj2(y2)− sχj2− 12 (y2)χ 12 (y1) + s
2χj2−1(y2)
)
P (4)(s, y1, y2),
where P (4)(s, y1, y2) is the momentum generating function for SO(4,C). Now using this construc-
tion, we can write down the necessary and relevant characters for our analysis [9, 52, 56, 159]:
χ
(4)
[1;(0,0)](D, α, β) = DP (4)(D, α, β)×
[
1−D2
]
, (2.6)
χ
(4)
[ 32 ,(
1
2 ,0)]
(D, α, β) = D 32P (4)(D, α, β)×
[
α+
1
α
−D
(
β +
1
β
)]
, (2.7)
χ
(4)
[ 32 ;(0,
1
2 )]
(D, α, β) = D 32P (4)(D,α, β)×
[
β +
1
β
−D
(
α+
1
α
)]
, (2.8)
χ
(4)
[2;(1,0)](D, α, β) = D2P (4)(D, α, β)×
[
α2 +
1
α2
+ 1−D
(
α+
1
α
)(
β +
1
β
)
+D2
]
, (2.9)
χ
(4)
[2;(0,1)](D, α, β) = D2P (4)(D, α, β)×
[
β2 +
1
β2
+ 1−D
(
α+
1
α
)(
β +
1
β
)
+D2
]
, (2.10)
where the momentum generating function P (4)(D, α, β) can be written as [9, 52, 56],
P (4)(D, α, β) =
[
(1−Dαβ)
(
1− D
αβ
)(
1− Dα
β
)(
1− Dβ
α
)]−1
. (2.11)
In the presence of derivative operators which transform under the Lorentz group, the Hilbert
Series in Eq. 2.1 is redefined in the following form [9, 52, 56]:
H[φ] =
n∏
j=1
∫
LG
dµ
LG
∫
Gj
dµj PE[ϕ,D, R] 1
P (4)(D, α, β) , (2.12)
where, D is the spurion variable corresponding to the covariant derivative operator. The Plethystics
in Eq. 2.2 also get modified as [9, 52, 56]:
PE[φ,D, R] = exp
[ ∞∑
r=1
(
φ
D∆φ
)r χR(zrj , αr, βr)
r
]
, (2.13)
PE[ψ,D, R] = exp
[ ∞∑
r=1
(−1)r+1
(
ψ
D∆ψ
)r χR(zrj , αr, βr)
r
]
. (2.14)
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The Haar measure for Lorentz group is given as [9, 52, 56]:
dµ
LG
=
[ 1
2α
(
1− α2)(1− 1
α2
)][ 1
2β
(
1− β2)(1− 1
β2
)]
. (2.15)
In this paper, we have worked with the following groups: U(1), SU(2), SU(3). The Haar
measure for these groups are given as [156–158]:
dµU(1) =
1
x
, (2.16)
dµSU(2) =
1
2y
(
1− y2)(1− 1
y2
)
,
dµSU(3) =
1
6z1z2
(1− z1z2)
(
1− z
2
1
z2
)(
1− z
2
2
z1
)(
1− 1
z1z2
)(
1− z1
z22
)(
1− z2
z21
)
.
We have worked with few specific representations under these above mentioned internal sym-
metry groups. We have enlisted the characters of those representations [171] below :
• U(1)
zq, q is the U(1) charge of the representation, (2.17)
• SU(2)
[1] ≡ 2 = 2¯ = z1 + 1
z1
, (2.18)
[2] ≡ 3 ≡ 2⊗ 2− 1 ≡
(
z1 +
1
z1
)2
− 1 = z21 +
1
z21
+ 1, (2.19)
• SU(3)
[1, 0] ≡ 3 = z1 + 1
z2
+
z2
z1
, (2.20)
[0, 1] ≡ 3¯ = 2¯ = z2 + 1
z1
+
z1
z2
, (2.21)
[1, 1] ≡ 8 ≡ 3⊗ 3¯− 1 =
(
z1 +
1
z2
+
z2
z1
)(
z2 +
1
z1
+
z1
z2
)
− 1 (2.22)
=
z21
z2
+
z1
z22
+ z1z2 +
1
z1z2
+
z2
z21
+
z22
z1
+ 2. (2.23)
In the above equations, the Dynkin indices of the respective representations are depicted as [..].
Based on the HS method, using the information above the complete and independent set of
effective operators up to dimension-6 has been constructed for 2HDM- and MLRSM-EFT frame-
works mimicking the “Warsaw” basis. First we have constructed the raw HS3 [9, 52, 56], then we
3In Ref. [52] the derivative operator construction for specific cases are performed using “Macaulay2”
[172], an “algorithm based on Commutative Algebra and Algebraic Geometry” [173–175]
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have refined those operators and presented them in a workable format. In Fig. 1, we have sketched
the integrated steps that lead to the Hilbert Series.
Weyl Integration
Haar Measures
Cartan Subalgebra 
(Roots, Weights, Dynkin Indices)
Gauge Group 
 Characters
Lorentz Group 
 Characters
Characters
Hilbert Series
Plethystic Exponential
Conformal Representation Theory 
(Primaries, Descendants, Scaling Dimension, Verma Module 
Characters)
Figure 1: Flow chart depicting the Hilbert Series construction.
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3 Two Higgs Doublet Model (2HDM)
The Two Higgs Doublet Model (2HDM) extends the Standard Model (SM) in the most elementary
way through the addition of an identical second Higgs doublet [112, 176–185]. In 2HDM the internal
gauge symmetry is the same as the SM: SU(3)C ⊗ SU(2)L ⊗U(1)Y . In Table 1, we have listed the
particle content of this model, and have depicted their representations and charges. In the following
section, we have revisited the work of [112] using our set of operators (which are not the same as in
Ref. [112]). Before going into the EFT description of the 2HDM scenario, we have provided a brief
discussion on the spectrum computation of this model following the path paved in [112].
Field SU(3)C SU(2)L U(1)Y Spin Lorentz Group
φ1 1 2 1/2 0 Scalar
φ2 1 2 1/2 0 Scalar
QL 3 2 1/6 1/2 Spinor
(uc)L 3¯ 1 2/3 1/2 Spinor
(dc)L 3¯ 1 -1/3 1/2 Spinor
LL 1 2 -1/2 1/2 Spinor
(ec)L 1 1 -1 1/2 Spinor
GAµ 8 1 0 1 Vector
W Iµ 1 3 0 1 Vector
Bµ 1 1 0 1 Vector
Table 1: 2HDM: Quantum numbers of the fields.
The Renormalizable Lagrangian
Based on the transformation properties of the particles, the renormalizable lagrangian for 2HDM
can be written as [112, 176, 177]:
L(4)2HDM = −
1
4
Tr[GµνG
µν ]− 1
4
Tr[WµνW
µν ]− 1
4
BµνB
µν
+ (Dµφ1)
†(Dµφ1) + (Dµφ2)†(Dµφ2)− V (φ1, φ2)
+ i(L¯γµDµL+ Q¯γ
µDµQ+ e¯γ
µDµe+ u¯γ
µDµu+ d¯γ
µDµd) + LY + h.c., (3.1)
where the components of field strength tensors are given as [112, 176, 177]:
GAµν = ∂µG
A
ν − ∂νGAµ + g3fABCGBµGCν ,
W Iµν = ∂µW
I
ν − ∂νW Iµ + gIJKW JµWKν , (3.2)
Bµν = ∂µBν − ∂νBµ.
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for SU(3)C , SU(2)L, U(1)Y respectively with {A,B,C} ∈ (1, .., 8), {I, J,K} ∈ (1, 2, 3). The general
form of the covariant derivative can be given as [112, 176, 177]:
Dµ ≡ (∂µ + ig3T
A
2
GAµ + ig
τ I
2
W Iµ + ig
′Y Bµ). (3.3)
Let us consider that Dµ acts on a quantum field (ϕ) which is charged under some gauge quantum
number, e.g., SU(3)C . Then the covariant derivative Dµ will contain a term proportional to the
respective gauge field, e.g., ig3
TA
2 G
A
µ . Here, g3, g, g
′ are the gauge couplings and GAµ ,W
I
µ , Bµ are
gauge fields corresponding to SU(3)C , SU(2)L, U(1)Y respectively. Y is the hypercharge of the field
on which this operator is acting. Here, T
A
2 and
τI
2 are the normalized generators of SU(3)C and
SU(2)L groups respectively.
The Yukawa coupling is given as [112, 176, 177]:
LY = −ye1L¯φ1e− ye2L¯φ2e− yd1Q¯φ1d− yd2Q¯φ2d− yu1 Q¯φ˜1u− yu2 Q¯φ˜2u+ h.c., (3.4)
where φ˜ = iτ2φ
∗, and ye,u,d1,2 are the respective Yukawa coupling matrices.
The scalar potential for generic 2HDM is given as [176, 177]:
V (φ1, φ2) = m
2
11(φ
†
1φ1) +m
2
22(φ
†
2φ2)−m212(φ†1φ2 + φ†2φ1) + λ1(φ†1φ1)2 + λ2(φ†2φ2)2
+λ3(φ
†
1φ1)(φ
†
2φ2) + λ4(φ
†
1φ2)(φ
†
2φ1) +
1
2
λ5[(φ
†
1φ2)
2 + (φ†2φ1)
2] (3.5)
+
(
λ6(φ
†
1φ1) + λ7(φ
†
2φ2)
)
(φ†1φ2 + φ
†
2φ1).
Here, the colored parts signify the Z2 symmetry (φ1 → −φ1, φ2 → φ2) violation. These Z2 violating
terms in the above equation are not considered in [112].
In this model the spontaneous symmetry breaking (SSB) of SM gauge symmetry is induced by
the vacuum expectation values (VEVs) of both the Higgs doublets. After SSB, the Higgs fields are
given as [112, 176, 177]:
φ1 =
(
φ+1
(v1 + h1 + ia1)/
√
2
)
, φ2 =
(
φ+2
(v2 + h2 + ia2)/
√
2
)
, (3.6)
where v1 and v2 are the VEVs of φ1 and φ2 respectively. The electro-weak VEV is given as
v =
√
v21 + v
2
2 . Among these unphysical scalar fields, we have two CP-odd scalars (a1, a2), two
CP-even scalars (h1, h2) and two charged scalars (φ
+
1 , φ
+
2 ).
After SSB, the scalar mass terms in the lagrangian is given as [112, 176, 177]:
L(4)MH =
1
2
(
a1 a2
)
m2i
(
a1
a2
)
+
(
φ−1 φ
−
2
)
m2+
(
φ+1
φ+2
)
+
1
2
(
h1 h2
)
m2r
(
h1
h2
)
. (3.7)
The scalar mass matrices are explicitly written as [112]:
m2i =
(
−m212 + v1v2λ5 +
1
2
v21λ6 +
1
2
v22λ7
)(− v2v1 1
1 −v1v2
)
,
m2r =
(
−λ7v322v1 + 32v1λ6v2 +
m212v2
v1
+ 2v21λ1 −m212 + v1v2 (λ3 + λ4 + λ5) + 32v21λ6 + 32v22λ7
−m212 + v1v2 (λ3 + λ4 + λ5) + 32v21λ6 + 32v22λ7 −λ6v
3
1
2v2
+ 32v2λ7v1 +
m212v1
v2
+ 2v22λ2
)
,
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m2+ =
(
−m212 +
1
2
v1v2 (λ4 + λ5) +
1
2
v21λ6 +
1
2
v22λ7
)(−v2v1 1
1 − v1v2
)
. (3.8)
Using the potential minimization conditions [112, 176, 177]
∂V (φ1, φ2)
∂v1
= m211v1 −m212v2 + λ1v31 +
1
2
λ3v
2
2v1 +
1
2
λ4v
2
2v1 +
1
2
λ5v
2
2v1+
3
2
λ6v2v
2
1 +
1
2
λ7v
3
2
= 0,
∂V (φ1, φ2)
∂v2
= −m212v1 +m222v2 +
1
2
λ3v2v
2
1 +
1
2
λ4v2v
2
1 +
1
2
λ5v2v
2
1 + λ2v
3
2+
1
2
λ6v
3
1 +
3
2
λ7v
2
2v1
= 0, (3.9)
we can recast the mass-square parameters of the potential as [112, 176, 177]:
m211 =
m212v2
v1
− 1
2
λ3v
2
2 −
1
2
λ4v
2
2 −
1
2
λ5v
2
2 − λ1v21−
3
2
λ6v1v2 − λ7v
3
2
2v1
,
m222 =
m212v1
v2
− 1
2
λ3v
2
1 −
1
2
λ4v
2
1 −
1
2
λ5v
2
1 − λ2v22−
λ6v
3
1
2v2
− 3
2
λ7v2v1. (3.10)
The physical scalar fields (Φ′) are related to the unphysical ones (Φ) through the relations
below, which further can be used to obtain physical scalar mass matrices [112, 176, 177]:
(
Φ′
)
=
(
cosβj sinβj
− sinβj cosβj
)(
Φ
)
, βj ≡ {r, i,+}. (3.11)
Here,
Φ ≡
{(
h1
h2
)
,
(
a1
a2
)
,
(
φ+1
φ+2
)}
, Φ′ ≡
{(
H1
H2
)
,
(
A
G˜
)
,
(
H±
G˜±
)}
. (3.12)
While computing the physical states, we find two Goldstone bosons (CP-odd: G˜, charged: G˜±)
which get eaten up through the Higgs mechanism and generate masses for Z and W± gauge bosons.
The CP-odd, charged scalar and CP-even mass matrices are diagonalized by rotation angles [112,
176, 177]:
tan 2β+ = tan 2βi =
2v2v1
v22 − v21
, (3.13)
tan 2βr =
2v1v2
(−2m212+3λ6v21 + v2 (2λ3v1 + 2λ4v1 + 2λ5v1+3λ7v2))
2m212 (v
2
1 − v22)−λ6 (v41 + 3v22v21) + v2 (−4λ1v31+3λ7v2v21 + 4λ2v22v1+λ7v32)
,
leading to physical masses for one CP-odd scalar (A), one charged scalar (H±), and two CP-even
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scalars (H1, H2) respectively:
m2A = −v2
(
λ5 − m
2
12
v1v2
+
λ6v1
2v2
+
λ7v2
2v1
)
, (3.14)
m2H± = −v2
(
λ4
2
+
λ5
2
− m
2
12
v1v2
+
λ6v1
2v2
+
λ7v2
2v1
)
, (3.15)
m2H1 =
1
2v1v2
[
v1 sin
2 βh
(
2m212v1−λ6v31 + v22 (4λ2v2+3λ7v1)
)
− v1v2 sin (2βh)
(−2m212+3λ6v21 + v2 (2λ3v1 + 2λ4v1 + 2λ5v1+3λ7v2))
+ v2 cos
2 βh
(
2m212v2 + 4λ1v
3
1+3λ6v2v
2
1 − λ7v32
) ]
, (3.16)
m2H2 =
1
2v1v2
[
v2 sin
2 βh
(
2m212v2 + 4λ1v
3
1+3λ6v2v
2
1 − λ7v32
)
+ v1v2 sin (2βh)
(−2m212+3λ6v21 + v2 (2λ3v1 + 2λ4v1 + 2λ5v1+3λ7v2))
+ v1 cos
2 βh
(
2m212v1−λ6v31 + v22 (4λ2v2+3λ7v1)
) ]
. (3.17)
The Higgs kinetic terms (Dµφ1)
†(Dµφ1), (Dµφ2)†(Dµφ2) contain the informations regarding the
gauge boson masses which acquire the following forms after SSB:
m2Z =
1
4
(g2 + g′2)v2, (3.18)
m2W =
1
4
g2v2. (3.19)
The physical gauge bosons (W±µ , Zµ, Aµ) are related to the unphysical ones (W
1
µ ,W
2
µ ,W
3
µ , Bµ) as:
W±µ =
1√
2
(W 1µ ∓ iW 2µ), (3.20)
W 3µ = Zµ cos θw +Aµ sin θw, (3.21)
Bµ = −Zµ sin θw +Aµ cos θw. (3.22)
After SSB, the fermion masses are generated through the Yukawa terms as:
mf =
1√
2
(
v1y
f
1 + v2y
f
2
)
, f = e, u, d. (3.23)
where yf1,2 are the (3× 3) Yukawa matrices for three generations of fermions.
4 Effective operators for 2HDM, their categorisation and impact on
spectrum
We have constructed the Hilbert Series for 2HDM using the information from Table 1 and following
the thumb rules mentioned in the flowchart of Fig. 1. The complete set of dimension-6 operators
are classified as: {φ6, φ2X2, ψ2φ2D,ψ4, φ4D2, ψ2φ3, ψ2φX,X3}. These operators are depicted in
Tables 4-12, and they are schematically shown in Fig. 2. The number of independent operators are
also mentioned in the caption of Fig. 2 as O [..]. The effective operators in the context of 2HDM
have been discussed in [111–115, 154, 155, 186]. As we are working with the most generic 2HDM
framework, we have also included the Z2 violating operators, which are written in colored texts.
Our method predicts the existence of O21(21) operator in φ4D2 class instead of Q12(12)ϕD and Q(1)21(2)ϕD
operators given in [112]. For 2HDM, the Hilbert Series yields 228 independent operators of mass
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φ φ
φ
φφ
φ φ φ
φ φ
D
ψ ψ
φ φ
φφ
DD φ
φφ
ψ ψ ψ ψ
φ
X
X
X ψ ψ
ψ ψ
X
X X
(a) φ6 (b) φ
2 X2 (c) ψ
2 φ2 D
(d) ψ4
(e) φ4 D2
(f) ψ2 φ3 (g) ψ2φ X (h) X3
Figure 2: Effective operators in “Warsaw”-like basis representing the following class of
operators: (a) φ6 [6 + 7×2 = 20], (b) φ2X2 [32], (c) ψ2φ2D [14 + 10×2 = 34], (d) ψ4 [20
+ 5×2 = 30] (Baryon Number Conserving) + [4×2 = 8] (Baryon Number Violating), (e)
φ4D2 [8 + 6×2 = 20], (f) ψ2φ3 [24×2 = 48], (g) ψ2φX [16×2 = 32], (h) X3 [4].
dimension-6. This includes the distinct Hermitian Conjugates (h.c.) as well. In our analysis, we
have assumed the Wilson Coefficients to be real. While writing the explicit structures of these
operators apart from the field variables we have used few tensors, e.g., δµν (Kronecker delta), 
µνρ
(Levi-Civita), etc. to form the invariants. As the operator set is enormous and their intricate
structures are a bit involved, we have provided a suitable table where we have remarked on the
nomenclature of the operators. We hope this would help the readers to follow the operators (O),
and their respective Wilson Coefficients (C) which are also named following the same rules, see
Table 2.
We have started with mentioning the dimension-5 operators which are equivalent to the Wein-
berg operator. These operators lead to the Majorana mass terms for the SM light neutrinos. Here,
we would like to note that the dimension-5, and -6 operators are suppressed by a mass scale Λ−1
and Λ−2 respectively, but they are not explicitly mentioned in the tables to keep them tidy. But
in the later sections where the explicit computation with these operators has been performed, the
scales are mentioned appropriately.
• Dimension-5 and Dimension-6 Operators: Spectrum of 2HDM-EFT
Majorana mass of neutrinos from φ2L2 operators:
The neutrino mass term [(νL)cνL ] is generated from the dimension-5 operators, see Table 3,
once the Higgs fields acquire VEVs. The coefficient of this term which is essentially the Majorana
mass of the neutrino is given as:
∆mν =
v21
2Λ
C11φL +
v22
2Λ
C22φL +
v1v2
2Λ
C12φL. (4.1)
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Operator Symbol Superscript Subscript Remarks
Class
φ6 Oi1i2...i66 {i1, ...i6} → {1, 2} 6 → mass dimension of φ6 1 → {φ1, φ†1}; 2 → {φ2, φ†2}
φ2X2 Oij
φX/φX˜
{i, j} → {1, 2} X → {W,B,G,WB}
X3 OX/X˜ X → {W,G} for X ≡WB, X˜ → W˜B
ψ2φX OifX i→ {1, 2, 1˜, 2˜} f → {u, d, e}
For (u, d), the operator
contains Q and for (e), one has L
u couples with φ˜1, φ˜2
e, d couple with φ1, φ2
ψ2φ3 Oi(jk)f1f2 {i, j, k} → {1, 2, 1˜, 2˜} f1 → {Q,L}, f2 → {u, d, e}
The field outside “( )” is coupled
directly to the fermions,
while fields inside “( )” are
contracted with each other
ψ2φ2D
OijfφD {i, j} → {1, 2, 1˜, 2˜} f → {Q,L, u, d, e}
[1] =⇒ SU(2) Singlet
Oij[1]/ij[3]fφD [3] =⇒ SU(2) Triplet (involves τI)
φ4D2
Oij(kl)
{i, j, k, l} → {1, 2}
 for terms like
(i) =⇒ D acting on φiO(i)jk(l)φD (φ†iφj)(φ†kφl), else φD
Oij(k)(l)φD
ψ4 O[i]f1f2/O
[i]
f1f2f3f4
i→ {1, 3, 8} {f1, ..f4} → {Q,L, u, d, e}
[1] =⇒ SU(2), SU(3) Singlet
[3] =⇒ SU(2) Triplet (involves τI)
[8] =⇒ SU(3) Octet (involves TA)
Table 2: 2HDM : Summary of the nomenclature of operators.
O11φL (LTCiτ2φ1)(φ˜1
†
L) + h.c. O22φL (LTCiτ2φ2)(φ˜2
†
L) + h.c. O12φL (LTCiτ2φ1)(φ˜2
†
L) + h.c.
Table 3: 2HDM: φ2L2 [3×2 = 6] class of operators.
O1111116 (φ†1φ1)3 O2222226 (φ†2φ2)3
O1111226 (φ†1φ1)2(φ†2φ2) O1122226 (φ†1φ1)(φ†2φ2)2
O1221116 (φ†1φ2)(φ†2φ1)(φ†1φ1) O1221226 (φ†1φ2)(φ†2φ1)(φ†2φ2)
O1212116 (φ†1φ2)2(φ†1φ1) + h.c. O1212226 (φ†1φ2)2(φ†2φ2) + h.c.
O1111126 (φ†1φ1)2(φ†1φ2) + h.c. O1222226 (φ†1φ2)(φ†2φ2)2 + h.c.
O1212216 (φ†1φ2)2(φ†2φ1) + h.c. O1212126 (φ†1φ2)3 + h.c.
O1122126 (φ†1φ1)(φ†2φ2)(φ†1φ2) + h.c.
Table 4: 2HDM: φ6 [6 + 7×2 = 20] class of operators.
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O11φG (φ†1φ1)GAµνGAµν O11φG˜ (φ
†
1φ1)G
A
µνG˜
Aµν O22φG (φ†2φ2)GAµνGAµν
O11φW (φ†1φ1)W IµνW Iµν O11φW˜ (φ
†
1φ1)W
I
µνW˜
Iµν O22
φG˜
(φ†2φ2)G
A
µνG˜
Aµν
O11φB (φ†1φ1)BµνBµν O11φB˜ (φ
†
1φ1)BµνB˜
µν O22φW (φ†2φ2)W IµνW Iµν
O22φB (φ†2φ2)BµνBµν O22φB˜ (φ
†
2φ2)BµνB˜
µν O22
φW˜
(φ†2φ2)W
I
µνW˜
Iµν
O11φWB (φ†1τ Iφ1)W IµνBµν O11φW˜B (φ
†
1τ
Iφ1)W˜
I
µνB
µν O22φWB (φ†2τ Iφ2)W IµνBµν
O22
φW˜B
(φ†2τ
Iφ2)W˜
I
µνB
µν O12φG (φ†1φ2)GAµνGAµν O12φG˜ (φ
†
1φ2)G
A
µνG˜
Aµν
O21φG (φ†2φ1)GAµνGAµν O21φG˜ (φ
†
2φ1)G
A
µνG˜
Aµν O12φW (φ†1φ2)W IµνW Iµν
O12
φW˜
(φ†1φ2)W
I
µνW˜
Iµν O21φW (φ†2φ1)W IµνW Iµν O21φW˜ (φ
†
2φ1)W
I
µνW˜
Iµν
O12φB (φ†1φ2)BµνBµν O12φB˜ (φ
†
1φ2)BµνB˜
µν O21φB (φ†2φ1)BµνBµν
O21
φB˜
(φ†2φ1)BµνB˜
µν O12φWB (φ†1τ Iφ2)W IµνBµν O12φW˜B (φ
†
1τ
Iφ2)W˜
I
µνB
µν
O21φWB (φ†2τ Iφ1)W IµνBµν O21φW˜B (φ
†
2τ
Iφ1)W˜
I
µνB
µν
Table 5: 2HDM: φ2X2 [32] class of operators.
OG fABCGAνµ GBρν GCµρ
OG˜ fABCG˜Aνµ GBρν GCµρ
OW IJKW Iνµ W Jρν WKµρ
OW˜ IJKW˜ Iνµ W Jρν WKµρ
Table 6: 2HDM: X3 [4] class of operators.
O1dG (Q¯σµνTAd)φ1GAµν O2dG (Q¯σµνTAd)φ2GAµν
O1˜uG (Q¯σµνTAu)φ˜1GAµν O2˜uG (Q¯σµνTAu)φ˜2GAµν
O1dW (Q¯σµνd)τ Iφ1W Iµν O2dW (Q¯σµνd)τ Iφ2W Iµν
O1˜uW (Q¯σµνu)τ I φ˜1W Iµν O2˜uW (Q¯σµνu)τ I φ˜2W Iµν
O1dB (Q¯σµνd)φ1Bµν O2dB (Q¯σµνd)φ2Bµν
O1˜uB (Q¯σµνu)φ˜1Bµν O2˜uB (Q¯σµνu)φ˜2Bµν
O1eW (L¯σµνe)τ Iφ1W Iµν O2eW (L¯σµνe)τ Iφ2W Iµν
O1eB (L¯σµνe)φ1Bµν O2eB (L¯σµνe)φ2Bµν
Table 7: 2HDM: ψ2φX [16×2 = 32] class of operators. Each of these operators also has
a distinct Hermitian Conjugate.
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O1(21)Le (L¯eφ1)(φ†2φ1) O2(22)Le (L¯eφ2)(φ†2φ2) O2(11)Le (L¯eφ2)(φ†1φ1)
O1(12)Le (L¯eφ1)(φ†1φ2) O1(21)Qd (Q¯dφ1)(φ†2φ1) O2(22)Qd (Q¯dφ2)(φ†2φ2)
O2(11)Qd (Q¯dφ2)(φ†1φ1) O1(12)Qd (Q¯dφ1)(φ†1φ2) O2˜(22)Qu (Q¯uφ˜2)(φ†2φ2)
O1˜(12)Qu (Q¯uφ˜1)(φ†1φ2) O2˜(11)Qu (Q¯uφ˜2)(φ†1φ1) O1˜(21)Qu (Q¯uφ˜1)(φ†2φ1)
O1(11)Le (L¯eφ1)(φ†1φ1) O2(12)Le (L¯eφ2)(φ†1φ2) O1(22)Le (L¯eφ1)(φ†2φ2)
O2(21)Le (L¯eφ2)(φ†2φ1) O1(11)Qd (Q¯dφ1)(φ†1φ1) O2(12)Qd (Q¯dφ2)(φ†1φ2)
O1(22)Qd (Q¯dφ1)(φ†2φ2) O2(21)Qd (Q¯dφ2)(φ†2φ1) O1˜(11)Qu (Q¯uφ˜1)(φ†1φ1)
O2˜(21)Qu (Q¯uφ˜2)(φ†2φ1) O1˜(22)Qu (Q¯uφ˜1)(φ†2φ2) O2˜(12)Qu (Q¯uφ˜2)(φ†1φ2)
Table 8: 2HDM: ψ2φ3 [24×2 = 48] class of operators. Each of these operators also has a
distinct Hermitian Conjugate.
O11[1]LφD i(φ†1
←→
Dµφ1)(L¯γ
µL) O22[1]LφD i(φ†2
←→
Dµφ2)(L¯γ
µL) O12[1]LφD i(φ†1
←→
Dµφ2)(L¯γ
µL) + h.c.
O11[1]QφD i(φ†1
←→
Dµφ1)(Q¯γ
µQ) O22[1]QφD i(φ†2
←→
Dµφ2)(Q¯γ
µQ) O12[1]QφD i(φ†1
←→
Dµφ2)(Q¯γ
µQ) + h.c.
O11eφD i(φ†1
←→
Dµφ1)(e¯γ
µe) O22eφD i(φ†2
←→
Dµφ2)(e¯γ
µe) O12eφD i(φ†1
←→
Dµφ2)(e¯γ
µe) + h.c.
O11dφD i(φ†1
←→
Dµφ1)(d¯γ
µd) O22dφD i(φ†2
←→
Dµφ2)(d¯γ
µd) O12dφD i(φ†1
←→
Dµφ2)(d¯γ
µd) + h.c.
O11uφD i(φ†1
←→
Dµφ1)(u¯γ
µu) O22uφD i(φ†2
←→
Dµφ2)(u¯γ
µu) O12uφD i(φ†1
←→
Dµφ2)(u¯γ
µu) + h.c.
O11[3]LφD i(φ†1
←→
DIµφ1)(L¯τ
IγµL) O22[3]LφD i(φ†2
←→
DIµφ2)(L¯τ
IγµL) O12[3]LφD i(φ†1
←→
DIµφ2)(L¯τ
IγµL) + h.c.
O11[3]QφD i(φ†1
←→
DIµφ1)(Q¯τ
IγµQ) O22[3]QφD i(φ†2
←→
DIµφ2)(Q¯τ
IγµQ) O12[3]QφD i(φ†1
←→
DIµφ2)(Q¯τ
IγµQ) + h.c.
O1˜1udφD i(φ˜1
†←→
Dµφ1)(u¯γ
µd) + h.c. O2˜2udφD i(φ˜2
†←→
Dµφ2)(u¯γ
µd) + h.c. O2˜1udφD i(φ˜2
†←→
Dµφ1)(u¯γ
µd) + h.c.
Table 9: 2HDM: ψ2φ2D [14 + 10×2 = 20] class of operators.
O11(11) (φ†1φ1)(φ†1φ1) O22(22) (φ†2φ2)(φ†2φ2)
O11(22) (φ†1φ1)(φ†2φ2) O22(11) (φ†2φ2)(φ†1φ1)
O21(21) (φ†2φ1)(φ†2φ1) + h.c. O12(1)(2)φD (φ†1φ2)
[
(Dµφ1)
†(Dµφ2)
]
+ h.c.
O(1)11(1)φD
[
(Dµφ1)
†φ1
][
φ†1(Dµφ1)
] O(2)22(2)φD [(Dµφ2)†φ2][φ†2(Dµφ2)]
O(1)22(1)φD
[
(Dµφ1)
†φ2
][
φ†2(Dµφ1)
] O(2)11(2)φD [(Dµφ2)†φ1][φ†1(Dµφ2)]
O(2)22(1)φD
[
(Dµφ2)
†φ2
][
φ†2(Dµφ1)
]
+ h.c. O(1)21(1)φD
[
(Dµφ1)
†φ2
][
φ†1(Dµφ1)
]
+ h.c.
O21(2)(2)φD (φ†2φ1)
[
(Dµφ2)
†((Dµφ2))
]
+ h.c. O12(1)(1)φD (φ†1φ2)
[
(Dµφ1)
†((Dµφ1))
]
+ h.c.
Table 10: 2HDM: φ4D2 [8 + 6×2 = 20] class of operators. Note the presence of O21(21)
operator instead of operators (Q
12(12)
ϕD and Q
(1)21(2)
ϕD ) as given in [112].
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Odd (d¯γµd)(d¯γµd) Ouu (u¯γµu)(u¯γµu)
OLe (L¯γµL)(e¯γµe) OQe (Q¯γµQ)(e¯γµe)
Oee (e¯γµe)(e¯γµe) OLL (L¯γµL)(L¯γµL)
Oeu (e¯γµe)(u¯γµu) Oed (e¯γµe)(d¯γµd)
OLu (L¯γµL)(u¯γµu) OLd (L¯γµL)(d¯γµd)
O[1]LQ (L¯γµL)(Q¯γµQ) O[3]LQ (L¯γµτ IL)(Q¯γµτ IQ)
O[1]QQ (Q¯γµQ)(Q¯γµQ) O[3]QQ (Q¯γµτ IQ)(Q¯γµτ IQ)
O[1]ud (u¯γµu)(d¯γµd) O[8]ud (u¯γµTAu)(u¯γµTAu)
O[1]Qu (Q¯γµQ)(u¯γµu) O[8]Qu (Q¯γµTAQ)(u¯γµTAu)
O[1]Qd (Q¯γµQ)(d¯γµd) O[8]Qd (Q¯γµTAQ)(d¯γµTAd)
O[1]QuQd jk(Q¯ju)(Q¯kd) + h.c.
O[8]QuQd jk(Q¯jTAu)(Q¯kTAd) + h.c.
O[1]LeQu jk(L¯je)(Q¯ku) + h.c.
O[3]LeQu jk(L¯jσµνe)(Q¯kσµνu) + h.c.
OLedQ (L¯je)(d¯Qj) + h.c.
Table 11: 2HDM: Baryon Number Conserving ψ4 [20 + 5×2 = 30] class of operators.
Here j, k are SU(2) indices.
OQQQ αβγjnkm
[
(Qαj)TCQβk
][
(Qγm)TCLn
]
OQQu αβγjk
[
(Qαj)TCQβk
][
(uγ)TCe
]
Oduu αβγ
[
(dα)TCuβ
][
(uγ)TCe
]
OduQ αβγjk
[
(dα)TCuβ
][
(Qγj)TCLk
]
Table 12: 2HDM: Baryon Number Violating ψ4 [4×2 = 8] class of operators. Each
operator has a distinct Hermitian Conjugate. Here, C = iγ2γ0 in Dirac representation.
Here α, β, γ are SU(3) indices and j, k are SU(2) indices.
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φ6 operators: Modification in the scalar potential
The inclusion of φ6 operators modifies the scalar potential as V (φ1, φ2) + Lφ6 where
Lφ6 =
20∑
j=1
Cj6Ojφ. (4.2)
The additional minimization criteria along with Eq. 3.9, are noted as:
∂Lφ6
∂v1
= 3C1111116 v41 + 2C1111226 v21v22 + 4C1212116 v21v22 + 2C1212226 v42 + C1122226 v42 + 2C1221116 v21v22 (4.3)
+ C1221226 v42+3C1212216 v1v32 +
v52
v1
C1222226 + 5C1111126 v31v2 + 3C1122126 v1v32 + 3C1212126 v1v32
= 0,
∂Lφ6
∂v2
= C1111226 v41 + 2C1212116 v41 + 4C1212226 v22v21 + 2C1122226 v22v21 + C1221116 v41 + 3C2222226 v42 (4.4)
+ 2C1221226 v22v21+3C1212216 v2v31 +
v51
v2
C1111126 + 5C1222226 v32v1 + 3C1122126 v2v31 + 3C1212126 v2v31
= 0.
In passing, we would like to mention that our minimization criteria are in well agreement with the
Ref. [112] in the absence of the Z2 violating operators.
φ4D2 and φ6 operators: Scalar field redefinitions
The scalar-kinetic lagrangian, see Eq. 3.1, gets modified in presence of additional φ4D2 oper-
ators, Table 10, as :
L(4)+(6)kin =
1
2
(
∂µh1 ∂
µh2
)(1 + A11rΛ2 A12rΛ2
A12r
Λ2 1 +
A11r
Λ2
)(
∂µh1
∂µh2
)
+
1
2
(
∂µa1 ∂
µa2
)(1 + A11iΛ2 A12iΛ2
A12i
Λ2 1 +
A11i
Λ2
)(
∂µa1
∂µa2
)
(4.5)
+
(
∂µφ−1 ∂
µφ−2
)(1 + A11+Λ2 A12+Λ2
A12+
Λ2 1 +
A22+
Λ2
)(
∂µφ
+
1
∂µφ
+
2
)
,
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where (note the additional contributions due to the Z2 violating operators in comparison with
[112]),
A11r =
1
2
C(1)11(1)φD v21 +
1
2
C(1)22(1)φD v22 − C21(21) v22 − 2C11(11) v21+C(1)21(1)φD v2v1 + C12(1)(1)φD v2v1,
A12r =
1
2
C12(1)(2)φD v1v2 − C11(22) v1v2 − C22(11) v1v2 − C21(21) v1v2+
1
2
C(2)22(1)φD v22 ,
A22r =
1
2
C(2)11(2)φD v21 +
1
2
C(2)22(2)φD v22 − C21(21) v21 − 2C22(22) v22+C21(2)(2)φD v2v1,
A11i =
1
2
C(1)11(1)φD v21 +
1
2
C(1)22(1)φD v22 + C21(21) v22+C(1)21(1)φD v2v1 + C12(1)(1)φD v2v1,
A12i =
1
2
C12(1)(2)φD v1v2 − C21(21) v1v2+
1
2
C(2)22(1)φD v22 ,
A22i =
1
2
C(2)11(2)φD v21 +
1
2
C(2)22(2)φD v22 + C21(21) v21+C21(2)(2)φD v2v1,
A11+ = C12(1)(1)φD v1v2,
A22+ = C21(2)(2)φD v1v2.
A12+ =
1
2
C12(1)(2)φD v1v2.
In order to reduce the scalar kinetic terms to their canonical forms, scalar fields are redefined
as [112]:
h1 →
(
1− A
11
r
2Λ2
)
h1 −
(
A12r
2Λ2
)
h2,
h2 →
(
1− A
22
r
2Λ2
)
h2 −
(
A12r
2Λ2
)
h1,
a1 →
(
1− A
11
i
2Λ2
)
a1 −
(
A12i
2Λ2
)
a2, (4.6)
a2 →
(
1− A
22
i
2Λ2
)
a2 −
(
A12i
2Λ2
)
a1,
φ+1 →
(
1− A
11
+
2Λ2
)
φ+1 −
(
A12+
2Λ2
)
φ+2 ,
φ+2 →
(
1− A
22
+
2Λ2
)
φ+2 −
(
A12+
2Λ2
)
φ+1 .
These redefinitions induce modifications in the scalar mass matrices [112]
L(4)+(6)MH =
1
2
[
h1 h2
]M2r [h1h2
]
+
1
2
[
a1 a2
]M2i [a1a2
]
+
[
φ−1 φ
−
2
]M2+ [φ+1φ+2
]
. (4.7)
We have to remember that there will be further contributions to the scalar masses from the φ6
operators, e.g., when four out of six scalar fields acquire VEVs. Encapsulating all these contribu-
tions, the final scalar mass matrix can be expressed as [112]:
M2j =
(
(m2j + ∆m
2
j,φ6 + ∆m
2
j,φD)11 (m
2
j + ∆m
2
j,φ6 + ∆m
2
j,φD)12
(m2j + ∆m
2
j,φ6 + ∆m
2
j,φD)12 (m
2
j + ∆m
2
j,φ6 + ∆m
2
j,φD)22
)
, {j ≡ r, i,+}, (4.8)
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where, ∆m2j,φD and ∆m
2
j,φ6 are the corrections to the scalar spectrum due to φ
4D2 and φ6 operators
respectively. First, we have discussed the modification in the scalar mass spectrum due to the field
redefinitions (∆m2φD), and then we have computed the contributions from φ
6 operators (∆m2φ6).
CP-even scalar mass matrix
(∆m2r,φD)11 =
m212
(
v1A
12
r − v2A11r
)
Λ2v1
− (λ3 + λ4 + λ5) v1v2A
12
r
Λ2
− 2λ1v
2
1A
11
r
Λ2
− 3λ6v1
(
v1A
12
r + v2A
11
r
)
2Λ2
+
λ7v
2
2
(
v2A
11
r − 3v1A12r
)
2Λ2v1
, (4.9)
(∆m2r,φD)12 =
m212
(
v1v2
(
A22r +A
11
r
)− v2A12r )
2Λ2v1v2
− λ1v
2
1A
12
r
Λ2
− λ2v
2
2A
12
r
Λ2
− (λ3 + λ4 + λ5) v1v2
(
A22r +A
11
r
)
2Λ2
+
λ6v1
((
v21 − 3v22
)
A12r − 3v1v2
(
A22r +A
11
r
))
4Λ2v2
+
λ7v2
((
v22 − 3v21
)
A12r − 3v1v2
(
A22r +A
11
r
))
4Λ2v1
, (4.10)
(∆m2r,φD)22 =
m212
(
A12r − v1A
22
r
v2
)
Λ2
− 2λ2v
2
2A
22
r
Λ2
− (λ3 + λ4 + λ5) v1v2A
12
r
Λ2
+
λ6v
2
1
(
v1A
22
r − 3v2A12r
)
2Λ2v2
− 3λ7v2
(
v1A
22
r + v2A
12
h
)
2Λ2
, (4.11)
CP-odd scalar mass matrix
(∆m2i,φD)11 =
m212
(
A12i − v2A
11
i
v1
)
Λ2
+
λ5v2
(
v2A
11
i − v1A12i
)
Λ2
+
+
λ6v1
(
v2A
11
i − v1A12i
)
2Λ2
+
λ7v
2
2
(
v2A
11
i − v1A12i
)
2Λ2v1
, (4.12)
(∆m2i,φD)12 =
m212
(
v1v2
(
A22i +A
11
i
)− v2A12i )
2Λ2v1v2
+
λ5
(
v2A12i
)
2Λ2
− λ5
(
v1v2
(
A22i +A
11
i
))
2Λ2
+
λ6v1
(
v2A12i − v1v2
(
A22i +A
11
i
))
4Λ2v2
+
λ7v2
(
v2A12i − v1v2
(
A22i +A
11
i
))
4Λ2v1
, (4.13)
(∆m2i,φD)22 =
m212
(
v2A
12
i − v1A22i
)
Λ2v2
+
λ5v1
(
v1A
22
i − v2A12i
)
Λ2
+
λ6v
2
1
(
v1A
22
i − v2A12i
)
2Λ2v2
+
λ7v2
(
v1A
22
i − v2A12i
)
2Λ2
, (4.14)
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Singly charged scalar mass matrix
(∆m2+,φD)11 = −
m212v2A
11
+
Λ2v1
+
(λ4 + λ5) v
2
2A
11
+
2Λ2
+
λ6v1v2A
11
+
2Λ2
+
λ7v
3
2A
11
+
2Λ2v1
,
(∆m2+,φD)12 =
m212
(
A22+ +A
11
+
)
2Λ2
− (λ4 + λ5) v1v2
(
A22+ +A
11
+
)
4Λ2
− λ6v
2
1
(
A22+ +A
11
+
)
4Λ2
− λ7v
2
2
(
A22+ +A
11
+
)
4Λ2
,
(∆m2+,φD)22 = −
m212v1A
22
+
Λ2v2
+
(λ4 + λ5) v
2
1A
22
+
2Λ2
+
λ6v
3
1A
22
+
2Λ2v2
+
λ7v1v2A
22
+
2Λ2
.
Contributions from φ6 operators
Here, we would like to emphasize that the additional contributions due to the Z2 violating
φ6-operators in comparison with [112] are given in color throughout the text.
CP-even scalar mass matrix
(∆m2r,φ6)11 =
1
Λ2
[
3C1111116 v41 + C1111226 v21v22 + 2C1212116 v21v22 + C1221116 v21v22
+
3
4
C1212216 v1v32 −
v52
4v1
C1222226 +
15
4
C1111126 v31v2 +
3
4
C1122126 v1v32 +
3
4
C1212126 v1v32
]
,
(∆m2r,φ6)12 =
1
Λ2
[C1111226 v2v31 + 2C1212116 v2v31 + 2C1212226 v32v1 + C1122226 v32v1 + C1221116 v2v31 + C1221226 v32v1
+
9
4
C1212216 v22v21 +
5v42
4
C1222226 +
9
4
C1122126 v22v21 +
9
4
C1212126 v22v21 +
5v41
4
C1111126
]
,
(∆m2r,φ6)22 =
1
Λ2
[
2C1212226 v22v21 + C1122226 v22v21 + C1221226 v22v21 + 3C2222226 v42
+
3
4
C1212216 v2v31 +
15
4
C1222226 v32v1 +
3
4
C1122126 v2v31 +
3
4
C1212126 v2v31 −
v51
4v2
C1111126
]
,
CP-odd scalar mass matrix
(∆m2i,φ6)11 =
1
Λ2
[−C1212116 v21v22 − C1212226 v42 (4.15)
−1
4
C1212216 v1v32 −
v52
4v1
C1222226 −
1
4
C1111126 v31v2 −
1
4
C1122126 v1v32 −
9
4
C1212126 v1v32
]
(∆m2i,φ6)12 =
1
Λ2
[C1212116 v2v31 + C1212226 v32v1 (4.16)
+
v41
4
C1111126 +
1
4
C1122126 v22v21 +
9
4
C1212126 v22v21 +
1
4
C1212216 v22v21 +
v42
4
C1222226
]
(∆m2i,φ6)22 =
1
Λ2
[−C1212116 v41 − C1212226 v22v21 (4.17)
− v
5
1
4v2
C1111126 −
1
4
C1122126 v2v31 −
9
4
C1212126 v2v31 −
1
4
C1212216 v2v31 −
1
4
C1222226 v32v1
]
.
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Charged scalar mass matrix
(∆m2+,φ6)11 =
1
Λ2
[
−1
2
C1212116 v21v22 −
v42
2
C1212226 −
1
4
C1221116 v21v22 −
v42
4
C1221226 (4.18)
−3
4
C1212216 v1v32 −
v52
4v1
C1222226 −
1
4
C1111126 v31v2 −
1
4
C1122126 v1v32 −
3
4
C1212126 v1v32
]
,
(∆m2+,φ6)12 =
1
Λ2
[
1
4
C1221226 v32v1 +
1
2
C1212116 v2v31 +
1
2
C1212226 v32v1 +
1
4
C1221116 v2v31 (4.19)
+
3
4
C1212126 v22v21 +
3
4
C1212216 v22v21 +
v42
4
C1222226 +
v41
4
C1111126 +
1
4
C1122126 v22v21
]
,
(∆m2+,φ6)22 =
1
Λ2
[
−v
4
1
2
C1212116 −
1
2
C1212226 v22v21 −
v41
4
C1221116 −
1
4
C1221226 v22v21 (4.20)
−3
4
C1212126 v2v31 −
3
4
C1212216 v2v31 −
1
4
C1222226 v32v1 −
v51
4v2
C1111126 −
1
4
C1122126 v2v31
]
.
These scalar mass matrices M2j , Eq. 4.8, can be diagonalized by the new rotation angles β¯j which
are related to the older ones βj (for {j ≡ r, i,+}) as:
tan 2β¯j = tan 2βj
(
1− (∆m
2
j,φ6 + ∆m
2
j,φD)12
(m2j )12
− (∆m
2
j,φ6 + ∆m
2
j,φD)22 − (∆m2j,φ6 + ∆m2j,φD)11
(m2j )22 − (m2j )11
)
.
(4.21)
We would like to mention that through out our calculation we have dropped terms which are
beyond O( 1Λ2 ). After diagonalizing the scalar mass matrices, we can express the physical scalar
spectrum as [112]:
CP-even scalar (H1, H2)
M2H1 = (m2r + ∆m2r,φ6 + ∆m2r,φD)11 cos2
(
β¯r
)− (m2r + ∆m2r,φ6 + ∆m2r,φD)12 sin (2β¯r)
+ (m2r + ∆m
2
r,φ6 + ∆m
2
r,φD)22 sin
2
(
β¯r
)
, (4.22)
M2H2 = (m2r + ∆m2r,φ6 + ∆m2r,φD)11 sin2
(
β¯r
)
+ (m2r + ∆m
2
r,φ6 + ∆m
2
r,φD)12 sin
(
2β¯r
)
+ (m2r + ∆m
2
r,φ6 + ∆m
2
r,φD)22 cos
2
(
β¯r
)
, (4.23)
CP-odd scalar (A)
M2A = (m2i + ∆m2i,φ6 + ∆m2i,φD)11 cos2
(
β¯i
)− (m2i + ∆m2i,φ6 + ∆m2i,φD)12 sin (2β¯i)
+ (m2i + ∆m
2
i,φ6 + ∆m
2
i,φD)22 sin
2
(
β¯i
)
, (4.24)
Charged scalar (H±)
M2H± = (m2+ + ∆m2+,φ6 + ∆m2+,φD)11 cos2
(
β¯+
)− (m2+ + ∆m2+,φ6 + ∆m2+,φD)12 sin (2β¯+)
+ (m2+ + ∆m
2
+,φ6 + ∆m
2
+,φD)22 sin
2
(
β¯+
)
. (4.25)
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φ2X2 and φ4D2 operators: Gauge field redefinition and spectrum
The gauge-kinetic lagrangian, see Eq. 3.1, gets modified in the presence of φ2X2 operators,
Table 5, as [112]:
L(4)+(6)gauge,kin = −
(
1− 2ΘWW
Λ2
)
(∂µW
+
ν )(∂
µW−ν)−1
2
(
∂µW
3
ν ∂µBν
)(1− 2ΘWWΛ2 ΘW3BΛ2
ΘW3B
Λ2 1− 2ΘBBΛ2
)(
∂µW 3ν
∂µBν
)
,
where,
ΘWW = v
2
1C11φW + v22C22φW + v1v2(C12φW + C21φW ),
ΘBB = v
2
1C11φB + v22C22φB + v1v2(C12φB + C21φB), (4.26)
ΘW3B = v
2
1C11φWB + v22C22φWB + v1v2(C12φWB + C21φWB).
Similar to the scalar sector, we need to redefine the gauge fields such that the above gauge
kinetic lagrangian can be brought into the canonical form. The redefined gauge fields can be written
as [112]:
W±µ → W±µ
(
1 +
ΘWW
Λ2
)
, (4.27)
W 3µ → W 3µ
(
1 +
ΘWW
Λ2
)
− ΘW3B
2Λ2
Bµ, (4.28)
Bµ → Bµ
(
1 +
ΘBB
Λ2
)
− ΘW3B
2Λ2
W 3µ . (4.29)
The redefinitions of the gauge fields lead to corrections in the gauge boson mass matrix as :
Charged gauge boson mass
m2W + (∆m
2
W )φ2X2 =
1
4
g2v2
(
1 +
2ΘWW
Λ2
)
. (4.30)
Neutral gauge boson mass
(m20 + (∆m
2
0)φ2X2)11 =
1
4
v2
[
g2
(
1 +
2ΘWW
Λ2
)
+ gg′
ΘW3B
Λ2
]
,
(m20 + (∆m
2
0)φ2X2)12 =
1
4
v2
[
−gg′
(
1 +
ΘBB + ΘWW
Λ2
)
− (g2 + g′2)ΘW3B
2Λ2
]
= (m20 + (∆m
2
0)φ2X2)21, (4.31)
(m20 + (∆m
2
0)φ2X2)22 =
1
4
v2
[
g′2
(
1 +
2ΘBB
Λ2
)
+ gg′
ΘW3B
Λ2
]
.
There will be additional contributions to these mass matrices from φ4D2 operators, Table 10.
These shifts can be given as (note the additional contributions due to the Z2 violating operators in
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comparison with [112]):
(∆m2W )φ4D2 =
1
4Λ2
g2v21v
2
2C12(1)(2)φD +
1
4Λ2
g2v1v2
(
v21C12(1)(1)φD + v22C21(2)(2)φD
)
, (4.32)
(4.33)
(∆m20)φ4D2 =
ΘWB6
8Λ2
(
g2 − gg′
−gg′ g′2
)
, (4.34)
where
ΘWB6 = v
2
1
(
v21C(1)11(1)ϕD + v22C(1)22(1)ϕD
)
+ v22
(
v21C(2)11(2)ϕD + v22C(2)22(2)ϕD
)
+ 2v21v
2
2C12(1)(2)ϕD
+2v1v2
(
v21(C(1)21(1)ϕD + C12(1)(1)ϕD ) + v22(C(2)22(1)ϕD + C21(2)(2)ϕD )
)
. (4.35)
The neutral gauge boson mass matrix can be diagonalized using the following relation:(
W 3µ
Bµ
)
=
(
cos θ˜w sin θ˜w
− sin θ˜w cos θ˜w
)(
Zµ
Aµ
)
, (4.36)
where the modified rotation angle θ˜w is related to θw by the following relation:
tan 2θ˜w = tan 2θw
[
1 +
1
Λ2
(
sec 2θw(ΘBB −ΘWW ) + csc 2θwΘW3B
)]
(4.37)
=
2gg′
g2 − g′2
[
1 +
1
Λ2
(g2 + g′2
g2 − g′2 (ΘBB −ΘWW ) +
g2 + g′2
2gg′
ΘW3B
)]
. (4.38)
Here, θw is the Weak mixing angle and tan θw = g
′/g.
After diagonalizing the gauge boson mass matrices, we have noted the physical gauge boson
spectrum as [112]:
M2W =
1
4
g2
[
v2 +
2v2ΘWW
Λ2
+
v21v
2
2
Λ2
C12(1)(2)φD +
v1v2
Λ2
(v21C12(1)(1)φD + v22C21(2)(2)φD )
]
,
M2Z =
1
4
(g2 + g′2)
[
v2 +
2v2
Λ2
(cos2 θwΘWW + sin
2 θwΘBB + cos θw sin θwΘW3B) +
ΘWB6
2Λ2
]
,
M2A = 0. (4.39)
Here, we would like to draw the reader’s attention towards the fact that even after incorporating
all these corrections, photon is massless, i.e., M2A is zero, which is expected.
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ψ2φ3 operators: Modification in spectrum
The ψ2φ3 operators lead to the additional contributions to the fermion masses as [112]:
∆me =
1
2
√
2Λ2
[C1(11)Le v31 + v21v2(C1(12)Le + C1(21)Le + C2(11)Le )+v1v22(C1(22)Le + C2(12)Le + C2(21)Le ) + C2(22)Le v32],
∆mu =
1
2
√
2Λ2
[C1˜(11)Qu v31 + v21v2(C1˜(12)Qu + C1˜(21)Qu + C2˜(11)Qu )+v1v22(C1˜(22)Qu + C2˜(12)Qu + C2˜(21)Qu ) + C2˜(22)Qu v32],
∆md =
1
2
√
2Λ2
[C1(11)Qd v31 + v21v2(C1(12)Qd + C1(21)Qd + C2(11)Qd )+v1v22(C1(22)Qd + C2(12)Qd + C2(21)Qd ) + C2(22)Qd v32].
In the presence of these dimension-6 operators, the total fermion spectrum is given as:
Mf = 1√
2
(
v1y
f
1 + v2y
f
2
)
−∆mf , with f ≡ {e, u, d}. (4.40)
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5 Minimal Left-Right Symmetric Model (MLRSM)
The Minimal Left-Right Symmetric Model (MLRSM) is a widely discussed beyond SM scenario
where parity (P) and Charge conjugation (CP) symmetries are given the same status as the gauge
ones. In this framework, P and CP symmetries are broken simultaneously with the right-handed
gauge symmetry. Unlike the 2HDM case, here, the gauge sector is extended in the form of SU(3)C⊗
SU(2)L ⊗ SU(2)R ⊗ U(1)B−L [187–190]. There are 16 fermions per generation, unlike the SM as
the right-handed neutrino is a natural inclusion in this model. The particle content and their
representations, and the charges under this gauge group are given in Table 13.
Field SU(3)C SU(2)L SU(2)R U(1)B−L Spin Lorentz Group
Φ 1 2 2 0 0 Scalar
∆L 1 3 1 2 0 Scalar
∆R 1 1 3 2 0 Scalar
QL 3 2 1 1/3 1/2 Spinor
QR 3 1 2 1/3 1/2 Spinor
LL 1 2 1 -1 1/2 Spinor
LR 1 1 2 -1 1/2 Spinor
GAµ 8 1 1 0 1 Vector
W Iµ,L 1 3 1 0 1 Vector
W Iµ,R 1 1 3 0 1 Vector
Bµ 1 1 1 0 1 Vector
Table 13: MLRSM: Quantum number of the fields.
The Renormalizable Lagrangian
Based upon the quantum numbers and transformation properties of the particles, see Table 13, the
renormalizable lagrangian can be written as [190–192]:
L(4) = −1
4
Tr[GµνGµν ]− 1
4
Tr[WµνL Wµν,L]−
1
4
Tr[WµνR Wµν,R]−
1
4
(BµνBµν)
+ Tr
[
(Dµ∆L)
†
(Dµ∆L)
]
+ Tr
[
(Dµ∆R)
†
(Dµ∆R)
]
+ Tr
[
(DµΦ)
†
(DµΦ)
]
+ L¯Li /DLL + L¯Ri /DLR + Q¯Li /DQL + Q¯Ri /DQR + V (Φ,∆L,∆R) + LY + h.c., (5.1)
where the components of field strength tensors corresponding to SU(3)C , SU(2)L, SU(2)R, U(1)B−L
gauge groups are given as [190–192]:
GAµν = ∂µG
A
ν − ∂νGAµ + g3fABCGBµGCν ,
W IL,µν = ∂µW
I
L,ν − ∂νW IL,µ + gLIJKW JL,µWKL,ν ,
W IR,µν = ∂µW
I
R,ν − ∂νW IR,µ + gRIJKW JR,µWKR,ν ,
Bµν = ∂µBν − ∂νBµ,
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with {A,B,C} ∈ (1, .., 8), {I, J,K} ∈ (1, 2, 3). In this scenario defining covariant derivative is not
very straight forward unlike the 2HDM case. Thus we have explicitly mentioned them for fermions
(L,Q) and scalars (Φ,∆) as [190–192]:
DµLL,R =
(
∂µ − igL,R τ
I
2
W I,µL,R − ig˜
Y
2
Bµ
)
LL,R, (5.2)
DµQL,R =
(
∂µ − ig3T
A
2
GAµ − igL,R
τ I
2
W I,µL,R − ig˜
Y
2
Bµ
)
QL,R, (5.3)
DµΦ = ∂µΦ− igLW I,µL
τ I
2
Φ + igRΦ
τ I
2
W I,µR ,
Dµ∆L,R = ∂
µ∆L,R − igL,R
[
τ I
2
W I,µL,R,∆L,R
]
− ig˜Bµ∆L,R, (5.4)
where g3, gL, gR, and g˜ are the SU(3)C , SU(2)L, SU(2)R, and U(1)B−L gauge couplings respec-
tively. Here, we would like to note that the indices “L,R” appearing in the subscript of the fields,
e.g., QL,R, are to signify whether that field is transforming under SU(2)L or SU(2)R gauge groups
respectively. We would like to further add that as we are working within MLRSM, we have consid-
ered gL = gR = g. In the rest of our analysis we will follow these conventions.
The scalar potential for MLRSM is given as [193–218]:
V (∆L,∆R,Φ) = −µ21
(
Tr
[
Φ†Φ
])− µ22 (Tr [Φ˜Φ†]+ Tr [Φ˜†Φ])− µ23 (Tr [∆L (∆L) †]+ Tr [∆R (∆R) †])
+ λ1Tr
[
ΦΦ†
]2
+ λ2Tr
[
Φ˜Φ†
]2
+ λ3Tr
[
Φ˜Φ†
]
Tr
[
Φ˜†Φ
]
+ λ2Tr
[
Φ˜†Φ
]2
+ λ4Tr
[
ΦΦ†
] (
Tr
[
Φ˜Φ†
]
+ Tr
[
Φ˜†Φ
])
+ ρ1
(
Tr
[
∆L (∆L)
†] 2 + Tr [∆R (∆R) †] 2)
+ ρ2
(
Tr [∆R∆R]Tr
[
(∆R)
† (∆R) †
]
+ Tr [∆L∆L]Tr
[
(∆L)
† (∆L) †
])
+ ρ3Tr
[
∆L (∆L)
†]Tr [∆R (∆R) †]
+ ρ4
(
Tr [∆R∆R]Tr
[
(∆L)
† (∆L) †
]
+ Tr [∆L∆L]Tr
[
(∆R)
† (∆R) †
])
+ α1
(
Tr
[
ΦΦ†
]
Tr
[
∆L (∆L)
†]+ Tr [ΦΦ†]Tr [∆R (∆R) †])
+ α2
(
Tr
[
ΦΦ˜†
]
Tr
[
∆R (∆R)
†]+ Tr [Φ†Φ˜]Tr [∆L (∆L) †]
+ Tr
[
Φ†Φ˜
]
Tr
[
∆R (∆R)
†]+ Tr [Φ˜†Φ]Tr [∆L (∆L) †])
+ α3
(
Tr
[
ΦΦ†∆L (∆L) †
]
+ Tr
[
Φ†Φ∆R (∆R) †
])
+ β1
(
Tr
[
Φ∆RΦ
† (∆L) †
]
+ Tr
[
Φ†∆LΦ (∆R) †
])
+ β2
(
Tr
[
Φ˜∆RΦ
† (∆L) †
]
+ Tr
[
Φ˜†∆LΦ (∆R) †
])
+ β3
(
Tr
[
Φ†∆LΦ˜ (∆R) †
]
+ Tr
[
Φ∆RΦ˜
† (∆L) †
])
, (5.5)
where Φ˜ = τ2Φ
∗τ2. We have assumed the potential parameters µi, λi, ρi, βi, and α2 to be real to
avoid any kind of explicit CP-violation in this scenario.
The Yukawa lagrangian for this model can be written as [192]:
LY = −
{
y
D
L¯LΦLR + y˜D L¯LΦ˜LR + h.c.
}
−
{
yqQ¯LΦQR + y˜qQ¯LΦ˜QR + h.c.
}
−y
M
{
LTLCiτ2∆LLL + L
T
RCiτ2∆RLR + h.c.
}
, (5.6)
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where the fermion doublets are expressed as:
LL,R =
(
ν
L,R
e
L,R
)
, QL,R =
(
u
L,R
d
L,R
)
. (5.7)
Here, yD, y˜D, yq, y˜q, yM are the Yukawa couplings. The first two terms in Eq. 5.6 are Chiral (Lepton
Number Conserving) in nature, whereas the last term is a source of Lepton Number Violation
(LNV).
In this model the spontaneous gauge symmetry breaking occurs at two levels: first SU(2)R ⊗
U(1)B−L is broken to U(1)Y , and then SU(2)L⊗U(1)Y is broken to U(1)em. The scalar fields after
acquiring VEVs can be given as [190–192, 219]:
Φ =
(
(κ1 + h1 + ia1)/
√
2 φ+1
φ−2 (κ2 + h2 + ia2)/
√
2
)
, ∆L,R =
(
δ+/
√
2 δ++
(v + δ0r + iδ0i)/
√
2 −δ+/√2
)
L,R
.
(5.8)
Following similar steps as in 2HDM, scalar potential minimization conditions are read as:
∂V
∂κ1
=
∂V
∂κ2
=
∂V
∂vR
=
∂V
∂vL
= 0. (5.9)
Simultaneously solving these equations, we obtain following expressions for µ21, µ
2
2, µ
2
3, and β2:
µ21 =
1
2κ2−
(
2κ2−
(
κ21λ1 + 2κ2κ1λ4 + κ
2
2λ1
)
+ v2L
(−α3κ22 + α1κ2− + (4ρ1 − 2ρ3) v2R)
+ v2R
(
α1κ
2
− − α3κ22
)− 2κ2 (β1κ1 + 2β3κ2) vLvR), (5.10)
µ22 =
1
4κ1κ2−
(
v2L
(
κ1
(
α3κ1κ2 + 2α2κ
2
−
)
+ 2κ2 (ρ3 − 2ρ1) v2R
)
+ κ2+ (β1κ1 + 2β3κ2) vLvR
+ κ1
(
2κ2−
(
κ21λ4 + 2κ2κ1 (2λ2 + λ3) + κ
2
2λ4
)
+ v2R
(
α3κ1κ2 + 2α2κ
2
−
)) )
, (5.11)
µ23 =
1
2
(
α1κ
2
1 + α1κ
2
2 + α3κ
2
2 + 4α2κ1κ2 + 2ρ1v
2
L + 2ρ1v
2
R
)
, (5.12)
β2 =
1
κ21
(2ρ1 − ρ3) vLvR − κ2 (β1κ1 + β3κ2) . (5.13)
To keep our results in the same footing with [192, 219], we have performed a sub-rotation in the
scalar sector as:
φ0r1 =
1
κ+
(κ1h1 + κ2h2), φ
0r
2 =
1
κ+
(−κ2h1 + κ1h2), (5.14)
φ0i1 =
1
κ+
(κ1a1 − κ2a2), φ0i2 =
1
κ+
(−κ2a1 − κ1a2),
φ′+1 =
1
κ+
(κ1φ
+
1 + κ2φ
+
2 ), φ
′+
2 =
1
κ+
(κ1φ
+
2 − κ2φ+1 ).
– 28 –
This allows us to define the following basis to proceed for further computation:
{φ0r1 , φ0r2 , δ0rR , δ0rL } ⇒ CP-even scalar, (5.15)
{φ0i1 , φ0i2 , δ0iR , δ0iL } ⇒ CP-odd scalar, (5.16)
{φ′+1 , φ′+2 , δ+R , δ+L } ⇒ Singly charged scalar, (5.17)
{δ++R , δ++L } ⇒ Doubly charged scalar. (5.18)
After SSB, the part of the lagrangian containing the scalar mass terms is given as [190–192, 219]:
L(4)MH =
1
2

φ0r1
φ0r2
δ0rR
δ0rL

T
m2r

φ0r1
φ0r2
δ0rR
δ0rL
+ 12

φ0i1
φ0i2
δ0iR
δ0iL

T
m2i

φ0i1
φ0i2
δ0iR
δ0iL
+

φ
′+
1
φ
′+
2
δ+R
δ+L

†
m2+

φ
′+
1
φ
′+
2
δ+R
δ+L
+
[
δ++R
δ++L
]†
m2++
[
δ++R
δ++L
]
.
Here, m2r,m
2
i , and m
2
+ are (4× 4) matrices while m2++ is (2× 2) matrix.
CP-even scalar mass matrix (m2r)
(m2r)11 =
2
κ2+
(
κ41λ1 + 4κ2κ
3
1λ4 + 2κ
2
2κ
2
1 (λ1 + 4λ2 + 2λ3) + 4κ
3
2κ1λ4 + κ
4
2λ1
)
,
(m2r)12 =
2κ2−
κ2+
(
κ21λ4 + 2κ2κ1 (2λ2 + λ3) + κ
2
2λ4
)
,
(m2r)13 =
vR
κ+
(
κ2 (4α2κ1 + α3κ2) + α1κ
2
+ + (2ρ1 − ρ3) v2L
)
,
(m2r)14 =
vL
κ+
(
κ2 (4α2κ1 + α3κ2) + α1κ
2
+ + (2ρ1 − ρ3) v2R
)
,
(m2r)22 =
κ4+v
2
L
2κ21κ
2
+κ
2−
(
α3κ
2
1 + (2ρ3 − 4ρ1) v2R
)
+ 2κ4+vLvR
(
β1κ1κ2 + β3κ
2
+
)
+ κ21
(
4 (2λ2 + λ3)κ
6
− + α3κ
4
+v
2
R
)
,
(m2r)23 =
1
2κ1κ+
(
2vR
(
κ1
(
α3κ1κ2 + 2α2κ
2
−
)
+ κ2 (ρ3 − 2ρ1) v2L
)
+ κ2+ (β1κ1 + 2β3κ2) vL
)
,
(m2r)24 =
1
2κ1κ+
(
2vL
(
κ1
(
α3κ1κ2 + 2α2κ
2
−
)
+ κ2 (ρ3 − 2ρ1) v2R
)
+ κ2+ (β1κ1 + 2β3κ2) vR
)
,
(m2r)33 =
1
2
(ρ3 − 2ρ1) v2L + 2ρ1v2R,
(m2r)34 = (2ρ1 + ρ3) vLvR,
(m2r)44 = 2ρ1v
2
L +
1
2
(ρ3 − 2ρ1) v2R. (5.19)
– 29 –
CP-odd scalar mass matrix (m2i )
(m2i )11 =
2v2Lv
2
R
κ2+
(ρ3 − 2ρ1) ,
(m2i )12 =
vLvR
κ1
(
−β1κ1 − 2β3κ2 + 2κ2 (2ρ1 − ρ3) vLvR
κ2+
)
,
(m2i )13 =
1
κ+
(2ρ1 − ρ3) v2LvR,
(m2i )14 =
vLv
2
R
κ+
(ρ3 − 2ρ1) ,
(m2i )22 =
1
2κ21κ
2
+κ
2−
(
v2L
(
α3κ
2
1κ
4
+ − 2
(
κ41 + 4κ
2
2κ
2
1 − κ42
)
(2ρ1 − ρ3) v2R
)− 2κ2+ (β1κ1κ2 (κ22 − 3κ21)
+β3
(
κ41 − 6κ22κ21 + κ42
))
vLvR + κ
2
1κ
4
+
(
α3v
2
R − 4κ2− (2λ2 − λ3)
) )
,
(m2i )23 =
vL
2κ1κ+
(
κ2+ (β1κ1 + 2β3κ2) + 2κ2 (ρ3 − 2ρ1) vLvR
)
,
(m2i )24 = −
vR
2κ1κ+
(
κ2+ (β1κ1 + 2β3κ2) + 2κ2 (ρ3 − 2ρ1) vLvR
)
,
(m2i )33 =
1
2
(ρ3 − 2ρ1) v2L,
(m2i )34 =
1
2
(2ρ1 − ρ3) vLvR,
(m2i )44 =
1
2
(ρ3 − 2ρ1) v2R. (5.20)
Singly charged scalar mass matrix (m2+)
(m2+)11 =
1
κ2+κ
2−
(
v2R
(
α3κ
4
+ − 2
(
κ21 + 3κ
2
2
)
(2ρ1 − ρ3) v2L
)
+ 4κ2κ
2
+ (β1κ1 + 2β3κ2) vLvR
+ 4α3κ
2
1κ
2
2v
2
L
)
,
(m2+)12 =
vL
κ1κ2+
(
κ2+ (β1κ1 + 2β3κ2) vR + 2κ2 (ρ3 − 2ρ1) vLv2R + 2α3κ21κ2vL
)
,
(m2+)13 =
1√
2κ+
vR
(
α3κ
2
+ + (2ρ3 − 4ρ1) v2L
)
+ 2κ2 (β1κ1 + 2β3κ2) vL,
(m2+)14 =
1√
2κ1κ+
(
κ2+ (β1κ1 + 2β3κ2) vR + 2κ2 (ρ3 − 2ρ1) vLv2R + 2α3κ21κ2vL
)
,
(m2+)22 =
v2L
κ2+
(
α3κ
2
− + (2ρ3 − 4ρ1) v2R
)
,
(m2+)23 =
vL√
2κ1κ+
(
κ2− (β1κ1 + 2β3κ2) + 2κ2 (2ρ1 − ρ3) vLvR
)
,
(m2+)24 =
vL√
2κ+
(
α3κ
2
− + (2ρ3 − 4ρ1) v2R
)
,
(m2+)33 =
1
2
(
α3κ
2
− + (2ρ3 − 4ρ1) v2L
)
,
(m2+)34 =
1
2κ1
(
κ2− (β1κ1 + 2β3κ2) + 2κ2 (2ρ1 − ρ3) vLvR
)
,
(m2+)44 =
1
2
(
α3κ
2
− + (2ρ3 − 4ρ1) v2R
)
. (5.21)
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Doubly charged scalar mass matrix (m2++)
(m2++)11 = α3κ
2
− + (ρ3 − 2ρ1) v2L + 4ρ2v2R, (5.22)
(m2++)12 =
1
κ21
(
κ2−
(
β1κ1κ2 + β3κ
2
+
)
+
(
4κ21ρ4 + κ
2
2 (2ρ1 − ρ3)
)
vLvR
)
,
(m2++)22 = α3κ
2
− + 4ρ2v
2
L + (ρ3 − 2ρ1) v2R. (5.23)
Once the cascade of spontaneous symmetry is completed, two charged and two neutral gauge
bosons become massive, while one neutral gauge boson is massless identified as photon. As color
symmetry remains intact, we will focus on the uncolored sector (SU(2)L ⊗ SU(2)R ⊗ U(1)B−L)
only for this purpose. The unphysical states {Wµ1L,Wµ2L,Wµ3L} ∈ WµL , {Wµ1R,Wµ2R,Wµ3R} ∈ WµR,
and Bµ are the gauge bosons corresponding to the SU(2)L, SU(2)R, U(1)B−L groups respectively.
After the SSB, the lagrangian containing gauge boson mass matrices are written as [192, 219]:
LgaugeM =
(
W−Lµ W
−
Rµ
)
m˜2W
(
W+µL
W+µR
)
+
1
2
(
W3Lµ W3Rµ Bµ
)
m˜20
Wµ3LWµ3R
Bµ
 , (5.24)
where the charged states are defined as
W±µL,R =
1√
2
(Wµ1 ∓ iWµ2 )L,R . (5.25)
The charged and neutral gauge boson mass matrices have the forms :
m˜2W =
g2
4
(
κ2+ + 2v
2
L − 2κ1κ2
−2κ1κ2 κ2+ + 2v2R
)
, (5.26)
and
m˜20 =
1
2
 12g2(κ2+ + 4v2L) − 12g2κ2+ − 2gg˜v2L− 12g2κ2+ 12g2(κ2+ + 4v2L) − 2gg˜v2R
−2gg˜v2L − 2gg˜v2R 2g˜2(v2L + v2R)
 , (5.27)
respectively. Here, we have defined κ2± = κ
2
1 ± κ22, to express our result with the same convention
of [192, 219].
Now to find the physical spectrum, we need to diagonalize the mass matrices. We have in-
troduced the following rotation matrices to connect the physical (charged: W±µ1 ,W
±µ
2 , neutral:
Zµ1 , Z
µ
2 , A
µ), and unphysical basis of gauge bosons [192, 219]:
(
W±µL
W±µR
)
= Ra
(
W±µ1
W±µ2
)
,
Wµ3LWµ3R
Bµ
 = Rb
Zµ1Zµ2
Aµ
 . (5.28)
Here, the rotation matrices are given as:
Ra =
(
cos ξ sin ξ
− sin ξ cos ξ
)
, (5.29)
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Rb =
 cos θw cos θ2 cos θw sin θ2 sin θw− sin θw sin θ1 cos θ2 − cos θ1 sin θ2 − sin θw sin θ1 sin θ2 + cos θ1 cos θ2 cos θw sin θ1
− sin θw cos θ1 cos θ2 + sin θ1 sin θ2 − sin θw cos θ1 sin θ2 − sin θ1 cos θ2 cos θw cos θ1
 .
The rotation “angles” are related to each other as [192, 219]:
cos θ1 =
√
cos 2θw
cos θw
, sin θ1 = tan θw, g =
e
sin θw
, g˜ =
e√
cos 2θw
, (5.30)
and
tan 2ξ =
−2k1k2
v2R − v2L
, tan 2θ2 =
a
b
, (5.31)
where
a =
(1
4
g2κ2+ − g˜2v2L
)√
cos 2θw, (5.32)
b =
(1
4
g2κ2+ sin
2 θw +
1
2
g2v2L −
1
2
g˜2v2L sin
2 θw − 1
2
(g2 + g˜2)v2R cos
2 θw
)
. (5.33)
We would like to note, here, that θw is the Weak mixing angle.
The physical gauge boson spectrum can be written as:
m2W1,2 =
g2
4
[
κ2+ + v
2
L + v
2
R ∓
√
(v2R − v2L)2 + 4κ21κ22
]
, (5.34)
m2Z1,2 =
1
4
g2κ2+ +
1
2
(g2 + g˜2)(v2L + v
2
R)∓
1
cos2 θw
√
a2 + b2. (5.35)
After the SSB, the charged fermion masses are generated through the Yukawa couplings, Eq. 5.6
in the following form [192, 219]:
me =
1√
2
(κ1y˜D + κ2yD)⇒ charged lepton mass, (5.36)
mu =
1√
2
(κ2y˜q + κ1yq)⇒ up-type quark mass, (5.37)
md =
1√
2
(κ1y˜q + κ2yq)⇒ down-type quark mass. (5.38)
In this model, left- and right-handed neutrinos also acquire masses. We have defined a Majo-
rana basis for light and heavy neutrinos as [192, 219] :
ν =
νL + (νL)
c
√
2
, N =
νR + (νR)
c
√
2
, (5.39)
where the charge conjugated state is defined as ψc = Cψ¯T using the charge conjugation operator
C = iγ2γ0. Once the bi-doublet (Φ) gets VEV, see Eq. 5.8, the Dirac-mass terms for the neutrinos
are generated as: 1√
2
(κ2y˜D + κ1yD). The VEVs of ∆L,∆R lead to the Majorana mass terms for ν
and N respectively. Including all these, we can define the neutrino mass matrix in the basis {ν N}
as [192, 219]:
mν =
( √
2yMvL
1√
2
(κ2y˜D + κ1yD)
1√
2
(κ2y˜D + κ1yD)
√
2yMvR
)
. (5.40)
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6 Effective operators for MLRSM, their categorization and their impact
on spectrum
In this section, we have listed all the dimension-6 operators that are computed using the Hilbert
Series method. These operators are computed using the information given in Tables 13, and fol-
lowing the thumb rules mentioned in the flowchart of Fig. 1. We have classified all the dimension-6
operators in the following categories: {φ6, φ2X2, ψ2φ2D,φ4D2, ψ2φ3, ψ2φX,ψ4, X3}. For MLRSM,
the Hilbert Series yields 445 independent operators of mass dimension-6. This includes the distinct
Hermitian Conjugates (h.c.) as well. Similar to the 2HDM case, the Wilson Coefficients are also
taken to be real for this particular scenario. These operators are tabulated in Tables 15-24, and
also schematically depicted in Fig. 3 where the number of operators is also mentioned for each class
as (O [..]). While writing the explicit structures of these operators along with the field variables we
have also employed few tensors, e.g. δµν (Kronecker delta), 
µνρ (Levi-Civita) etc. to construct the
invariants. We have provided a suitable table, similar to the 2HDM case, where we have outlined
the nomenclature of the operators. This would be helpful for the readers to follow the operators
(O), and the respective Wilson Coefficients (C) which are also defined following the same rule, see
Tables 14.
φ φ
φ
φφ
φ φ φ
φ φ
D
ψ ψ
φ φ
φφ
D
D φ
φφ
ψ ψ ψ ψ
φ
X
X
X
ψ ψ
ψ ψ
X
X X
(a) φ6 (b) φ
2 X2 (c) ψ
2 φ2 D
(g) ψ4
(d) φ4 D2
(e) ψ2 φ3 (f) ψ2φ X
(h) X3
Figure 3: Effective operators in “Warsaw”-like basis representing the following class of
operators: (a) φ6 [42×2 + 28 = 112], (b) φ2X2 [62], (c) ψ2φ2D [20 + 8×2 = 36], (d)
φ4D2 [20 + 11×2 = 42], (e) ψ2φ3 [22×2 = 44] (Majorana type) + [36 ×2 = 72] (Dirac
type), (f) ψ2φX [18×2 = 36], (g) ψ4 [15 + 6×2 = 27] (Baryon Number Conserving) +
[4×2 = 8] (Baryon Number Violating), (h) X3 [6].
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Operator Symbol Superscript Subscript Remarks
Class
φ6
Oijklmn6 {i, j, k, l,m, n}
6→ mass dimension of φ6
↓
1 → φ; 2 → φ†;
{1, 2, 3, 4, L, l, R, r} 3→ φ˜; 4→ φ˜†;
O{ij}{klmn}6
{} =⇒ “Tr”
l→ ∆L; L→ ∆†L;
no {} =⇒ “Tr” over
r → ∆R; R→ ∆†R;
the full operator
X3 OX3/X˜3L,R X → {W,G} L,R for WL,WR X ≡WB, X˜ → W˜B
φ2X2
Oij
HX/HX˜ (i, j) ≡ (1, 2), (2, 3),
H ≡ φ,∆L,∆R
“Tr” is over the full operator
(4, 1), (L, l), (R, r) X → {B,G,WL,WR}
OijHX1X2 {X1, X2} → {B,WL,WR}
OiX1jX2∆W
(i, j) ≡ (L, l), (L, r), (R, l), (R, r)
{X1, X2} → {WL,WR}
ψ2φX OiXfLfR
i = 1 =⇒ φ
f → q(quark), **within the operator ai = 3 =⇒ φ˜
f → l(lepton) quark is denoted by Q
X → {B,G,WL,WR} and a lepton by L
ψ2φ3
Oi(jk)f /Oijkf {i, j, k}
f → {lL, lR} The field outside “( )” are coupled
↓
directly to the fermions,
Oi(jk)
f˜Lf˜R
/Oijk
f˜Lf˜R
{1, 2, 3, 4, L, l, R, r}
f˜ → {q, l} “Tr” is taken over the fields
inside “( )”.
ψ2φ2D
OfiDj
f → {lL, lR, qL, qR}
{i, j}
[1] =⇒ SU(2) Singlet
Of [1]/f [3]iDj ↓
[3] =⇒ SU(2) Triplet (involves τI)
OfLfRiDj f → {l, q} {1, 2, 3, 4, L, l, R, r} “Tr” is to be taken over the “iDj” part
φ4D2
Oij(kl)
{i, j, k, l}
(i) =⇒ D acting on φi
O(i)jk(l)φD ↓
 for terms like
Oij(k)(l)φD {1, 2, L, l, R, r}
Oi(j)k(l)φD {} =⇒ “Tr” (φ†iφj)(φ†kφl), else φD φi → {φ, φ†,∆L,∆†L∆R,∆†R}
O(ij)(kl)φD
no {} =⇒ “Tr” over
O{ij}{(k)(l)}φD the full operator
ψ4 O[i]f1f2/O
[i]
f1f2f3f4
i→ {1, 3, 8} {f1, ..f4} → {qL, qR, lL, lR}
[1] =⇒ SU(2), SU(3) Singlet
[3] =⇒ SU(2) Triplet (involves τI)
[8] =⇒ SU(3) Octet (involves TA)
Table 14: MLRSM: Summary of the nomenclature of operators. Note: ** - applies to all
operator classes. “Tr” - trace must be taken over internal symmetry indices.
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O4141416 Tr
[
Φ˜†Φ Φ˜†Φ Φ˜†Φ
] O4121216 Tr[Φ˜†Φ Φ†Φ Φ†Φ]
O4141236 Tr[Φ˜†ΦΦ˜†ΦΦ†Φ˜] O4141216 Tr[Φ˜†ΦΦ˜†ΦΦ†Φ]
O4141Rr6 Tr[Φ˜†ΦΦ˜†Φ∆†R∆R] O41R2l16 Tr[Φ˜†Φ∆†RΦ†∆LΦ]
O4141Ll6 Tr[Φ˜†ΦΦ˜†Φ∆†L∆L] O41R2r16 Tr[Φ˜†Φ∆†RΦ†∆RΦ]
O2L41r36 Tr[Φ†∆†LΦ˜†Φ∆RΦ˜] O21L4r16 Tr[Φ†Φ∆†LΦ˜†∆RΦ]
OLR4rr16 Tr[∆†L∆†RΦ˜†∆R∆RΦ] O41L2l16 Tr[Φ˜†Φ∆†LΦ†∆LΦ]
OLR4lr16 Tr[∆†L∆†RΦ˜†∆L∆RΦ] O41R41l6 Tr[Φ˜†Φ∆†RΦ˜†Φ∆L]
OR4Rlr16 Tr[∆†RΦ˜†∆†R∆L∆RΦ] O41L41r6 Tr[Φ˜†Φ∆†LΦ˜†Φ∆R]
OL4Lrl16 Tr[∆†LΦ˜†∆†L∆R∆LΦ] O21L2r16 Tr[Φ†Φ∆†LΦ†∆RΦ]
OLR4ll16 Tr[∆†L∆†RΦ˜†∆L∆LΦ] O41L2r36 Tr[Φ˜†Φ∆†LΦ†∆RΦ˜]
OLR2LL16 Tr[∆†L∆†RΦ†∆†L∆†LΦ] ORrL4r16 Tr[∆†R∆R∆†LΦ˜†∆RΦ]
OLR2rr16 Tr[∆†L∆†RΦ†∆R∆RΦ] ORrR4l16 Tr[∆†R∆R∆†RΦ˜†∆LΦ]
O21R4l16 Tr[Φ†Φ∆†RΦ˜†∆LΦ] OLlL4r16 Tr[∆†L∆L∆†LΦ˜†∆RΦ]
O41l2r16 Tr[Φ˜†Φ∆LΦ†∆RΦ] OLlR4l16 Tr[∆†L∆L∆†RΦ˜†∆LΦ]
O41RrRr6 Tr[Φ˜†Φ∆†R∆R∆†R∆R] OLlR2l16 Tr[∆†L∆L∆†RΦ†∆LΦ]
O41LlLl6 Tr[Φ˜†Φ∆†L∆L∆†L∆L] ORrL2r16 Tr[∆†R∆R∆†LΦ†∆RΦ]
O2141Rr6 Tr[Φ†ΦΦ˜†Φ∆†R∆R] O2141Ll6 Tr[Φ†ΦΦ˜†Φ∆†L∆L]
O41RRrr6 Tr[Φ˜†Φ∆†R∆†R∆R∆R] O41LlRr6 Tr[Φ˜†Φ∆†L∆L∆†R∆R]
O41RRll6 Tr[Φ˜†Φ∆†R∆†R∆L∆L] O41LLll6 Tr[Φ˜†Φ∆†L∆†L∆L∆L]
O21LLrr6 Tr[Φ†Φ∆†L∆†L∆R∆R] O21LLrr6 Tr[Φ†Φ∆†L∆†L∆R∆R]
OllRRRr6 Tr[∆L∆L∆†R∆†R∆†R∆R] OLlLLrr6 Tr[∆†L∆L∆†L∆†L∆R∆R]
Table 15: MLRSM: φ6 [42×2 = 84] class of operators. Each of these operators also has a
distinct Hermitian Conjugate.
O1BlLlR (L¯LσµνΦLR)Bµν O3BlLlR (L¯LσµνΦ˜LR)Bµν O1WLlLlR (L¯Lσµντ IΦLR)W
Iµν
L
O3WLlLlR (L¯Lσµντ IΦ˜LR)W
Iµν
L O1WRlLlR (L¯Lσµντ IΦLR)W
Iµν
R O3WRlLlR (L¯Lσµντ IΦ˜LR)W
Iµν
R
O1BqLqR (Q¯LσµνΦQR)Bµν O3BqLqR (Q¯LσµνΦ˜QR)Bµν O1WLqLqR (Q¯Lσµντ IΦQR)W IµνL
O3WLqLqR (Q¯Lσµντ IΦ˜QR)W IµνL O1WRqLqR (Q¯Lσµντ IΦQR)W IµνR O3WRqLqR (Q¯Lσµντ IΦ˜QR)W IµνR
O1GqLqR (Q¯LσµνTAΦQR)GAµν O3GqLqR (Q¯LσµνTAΦ˜QR)GAµν
O∆LWLlLlL (LTLCσµντ IΣLLL)W
Iµν
L O∆RWRlLlL (LTLCσµντ IΣRLL)W
Iµν
R O∆LWLlRlR (LTRCσµντ IΣLLR)W
Iµν
L
O∆RWRlRlR (LTRCσµντ IΣRLR)W
Iµν
R
Table 16: MLRSM: ψ2φX [18×2 = 36] class of operators. Each of these operators also
has a distinct Hermitian Conjugate. Note I ∈ {1, 2, 3} and A ∈ {1, 2, ..., 8} are the SU(2)
and SU(3) indices respectively. Here, ΣL,R = iτ2∆L,R.
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OG3 fABCGAνµ GBρν GCµρ OW
3
L 
IJKW IνLµW
Jρ
LνW
Kµ
Lρ OW
3
R 
IJKW IνRµW
Jρ
RνW
Kµ
Rρ
OG˜3 fABCG˜Aνµ GBρν GCµρ OW˜
3
L 
IJKW˜ IνLµW
Jρ
LνW
Kµ
Lρ OW˜
3
R 
IJKW˜ IνRµW
Jρ
RνW
Kµ
Rρ
Table 17: MLRSM: X3 [6] class of operators.
O2121216 Tr[Φ†ΦΦ†ΦΦ†Φ] O{21}{2121}6 Tr[Φ†Φ]Tr[Φ†ΦΦ†Φ]
OLlLLll6 Tr[∆†L∆L∆†L∆†L∆L∆L] OLlLlLl6 Tr[∆†L∆L∆†L∆L∆†L∆L]
ORrRRrr6 Tr[∆†R∆R∆†R∆†R∆R∆R] ORrRrRr6 Tr[∆†R∆R∆†R∆R∆†R∆R]
ORrLLll6 Tr[∆†R∆R∆†L∆†L∆L∆L] OLlLlRr6 Tr[∆†L∆L∆†L∆L∆†R∆R]
OLlRRrr6 Tr[∆†L∆L∆†R∆†R∆R∆R] ORrRrLl6 Tr[∆†R∆R∆†R∆R∆†L∆L]
O21LlLl6 Tr[Φ†Φ∆†L∆L∆†L∆L] O{21}{LlLl}6 Tr[Φ†Φ]Tr[∆†L∆L∆†L∆L]
OLlL21l6 Tr[∆†L∆L∆†LΦ†Φ∆L] O21RrRr6 Tr[Φ†Φ∆†R∆R∆†R∆R]
ORrR21r6 Tr[∆†R∆R∆†RΦ†Φ∆R] O{21}{RrRr}6 Tr[Φ†Φ]Tr[∆†R∆R∆†R∆R]
O2121Ll6 Tr[Φ†ΦΦ†Φ∆†L∆L] O2211Ll6 Tr[Φ†Φ†ΦΦ∆†L∆L]
O23Ll416 Tr[Φ†Φ˜∆†L∆LΦ˜†Φ] O2L21l16 Tr[Φ†∆†LΦ†Φ∆LΦ]
O2121Rr6 Tr[Φ†ΦΦ†Φ∆†R∆R] O2211Rr6 Tr[Φ†Φ†ΦΦ∆†R∆R]
O23Rr416 Tr[Φ†Φ˜∆†R∆RΦ˜†Φ] O2R21r16 Tr[Φ†∆†RΦ†Φ∆RΦ]
OLlR21r6 Tr[∆†L∆L∆†RΦ†Φ∆R] ORrL21l6 Tr[∆†R∆R∆†LΦ†Φ∆L]
OLR21rl6 Tr[∆†L∆†RΦ†Φ∆R∆L] O21LlRr6 Tr[Φ†Φ∆†L∆L∆†R∆R]
Table 18: MLRSM: φ6 [28] class of operators. These operators are Self-Hermitian.
OlLlL (L¯LγµLL)(L¯LγµLL) OlRlR (L¯RγµLR)(L¯RγµLR)
OlRqL (L¯RγµLR)(Q¯LγµQL) OlLqR (L¯LγµLL)(Q¯RγµQR)
OlLlR (L¯LγµLL)(L¯RγµLR)
O[1]qLqL (Q¯LγµQL)(Q¯LγµQL) O[3]qLqL (Q¯Lγµτ IQL)(Q¯Lγµτ IQL)
O[1]lLqL (L¯LγµLL)(Q¯LγµQL) O
[3]
lLqL
(L¯Lγµτ
ILL)(Q¯Lγ
µτ IQL)
O[1]qRqR (Q¯RγµQR)(Q¯RγµQR) O[3]qRqR (Q¯Rγµτ IQR)(Q¯Rγµτ IQR)
O[1]lRqR (L¯RγµLR)(Q¯RγµQR) O
[3]
lRqR
(L¯Rγµτ
ILR)(Q¯Rγ
µτ IQR)
O[1]qLqR (Q¯LγµQL)(Q¯RγµQR) O[8]qLqR (Q¯LγµTAQL)(Q¯RγµTAQR)
O(1)lLlRqLqR jklm(L¯
j
LL
l
R)(Q¯
k
LQ
m
R ) + h.c.
O(3)lLlRqLqR jklm(L¯
j
LσµνL
l
R)(Q¯
k
Lσ
µνQmR ) + h.c.
OlLlRqRqL jklm(L¯jLLlR)(Q¯mRQkL) + h.c.
OlLlRlLlR jklm(L¯jLLlR)(L¯kLLmR ) + h.c.
O(1)qLqRqLqR jklm(Q¯jLQlR)(Q¯kLQmR ) + h.c.
O(8)qLqRqLqR jklm(Q¯jLTAQlR)(Q¯kLTAQmR ) + h.c.
Table 19: MLRSM: Baryon Number Conserving ψ4 [15 + 6×2 = 27] class of operators.
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OqLqLqLlL αβγjnkm[(QαjL )TCQβkL ][(QγmL )TCLnL] OqRqRqRlR αβγjnkm[(QαjR )TCQβkR ][(QγmR )TCLnR]
OqLqLqRlR αβγjklm[(QαjL )TCQβkL ][(QγlR )TCLmR ] OqRqRqLlL αβγjklm[(QαjR )TCQβkR ][(QγlL )TCLmL ]
Table 20: MLRSM: Baryon Number Violating ψ4 [4×2 = 8] class of operators. Each
operator has a distinct Hermitian Conjugate.
OrLrlL LTLCΣRΣ†LΣRLL Or41lL LTLCΣRΦ˜†ΦLL O
l(23)
lL
[LTLCΣLLL]Tr
[
Φ†Φ˜
]
OlLllL LTLCΣLΣ†LΣLLL Or21lL LTLCΣRΦ†ΦLL O
l(41)
lL
[LTLCΣLLL]Tr
[
Φ˜†Φ
]
Ol(Rr)lL
[
LTLCΣLLL]Tr
[
Σ†RΣR] Ol21lL LTLCΣLΦ†ΦLL O
l(21)
lL
[LTLCΣLLL]Tr
[
Φ†Φ
]
Ol(Ll)lL [LTLCΣLLL]Tr[Σ
†
LΣL] Or23lL LTLCΣRΦ†Φ˜LL O
r(41)
lR
[LTRCΣRLR]Tr
[
Φ˜†Φ
]
Or(Ll)lR [LTRCΣRLR]Tr[Σ
†
LΣL] Ol23lR LTRCΣLΦ†Φ˜LR O
r(23)
lR
[LTRCΣRLR]Tr
[
Φ†Φ˜
]
Or(Rr)lR [LTRCΣRLR]Tr[Σ
†
RΣR] Or21lR LTRCΣRΦ†ΦLR O
r(21)
lR
[LTRCΣRLR]Tr
[
Φ†Φ
]
OlRllR LTRCΣLΣ†RΣLLR Ol41lR LTRCΣLΦ˜†ΦLR
OrRrlR LTRCΣRΣ†RΣRLR Ol21lR LTRCΣLΦ†ΦLR
Table 21: MLRSM: ψ2φ3 [22×2 = 44] (Majorana type) class of operators. Each of these
operators also has a distinct Hermitian Conjugate. Note ΣL,R = iτ2∆L,R.
O1(41)lLlR (L¯LΦLR)Tr[Φ˜†Φ] O
3(23)
lLlR
(L¯LΦ˜LR)Tr[Φ
†Φ˜] O1(21)lLlR (L¯LΦLR)Tr[Φ†Φ]
O3(41)lLlR (L¯LΦ˜LR)Tr[Φ˜†Φ] O
3(21)
lLlR
(L¯LΦ˜LR)Tr[Φ
†Φ] O1(23)lLlR (L¯LΦLR)Tr[Φ†Φ˜]
O1(41)qLqR (Q¯LΦQR)Tr[Φ˜†Φ] O3(23)qLqR (Q¯LΦ˜QR)Tr[Φ†Φ˜] O1(21)qLqR (Q¯LΦQR)Tr[Φ†Φ]
O3(41)qLqR (Q¯LΦ˜QR)Tr[Φ˜†Φ] O3(21)qLqR (Q¯LΦ˜QR)Tr[Φ†Φ] O1(23)lLlR (Q¯LΦQR)Tr[Φ†Φ˜]
OL1llLlR L¯L∆†LΦ∆LLR Ol1LlLlR L¯L∆LΦ∆†LLR OL1rlLlR L¯L∆†LΦ∆RLR
OR1rlLlR L¯L∆†RΦ∆RLR Or1RlLlR L¯L∆RΦ∆†RLR Ol1RlLlR L¯L∆LΦ∆†RLR
OL3llLlR L¯L∆†LΦ˜∆LLR Ol3LlLlR L¯L∆LΦ˜∆†LLR OL3rlLlR L¯L∆†LΦ˜∆RLR
OR3rlLlR L¯L∆†RΦ˜∆RLR Or3RlLlR L¯L∆RΦ˜∆†RLR Ol3RlLlR L¯L∆LΦ˜∆†RLR
OL1lqLqR Q¯L∆†LΦ∆LQR Ol1LqLqR Q¯L∆LΦ∆†LQR OL1rlLlR Q¯L∆†LΦ∆RQR
OR1rqLqR Q¯L∆†RΦ∆RQR Or1RqLqR Q¯L∆RΦ∆†RQR Ol1RqLqR Q¯L∆LΦ∆†RQR
OL3lqLqR Q¯L∆†LΦ˜∆LQR Ol3LqLqR Q¯L∆LΦ˜∆†LQR OL3rqLqR Q¯L∆†LΦ˜∆RQR
OR3rqLqR Q¯L∆†RΦ˜∆RQR Or3RqLqR Q¯L∆RΦ˜∆†RQR Ol3RqLqR Q¯L∆LΦ˜∆†RQR
Table 22: MLRSM: ψ2φ3 [36×2 = 72] (Dirac type) class of operators. Each of these
operators also has a distinct Hermitian Conjugate.
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OlR[1]2D1 Tr[Φ†i
←→
DµΦ](L¯Rγ
µLR) OlR[3]2D1 Tr[Φ†i
←→
DIµΦ](L¯Rγ
µτ ILR)
OlL[1]2D1 Tr[Φ†i
←→
DµΦ](L¯Lγ
µLL) OlL[3]2D1 Tr[Φ†i
←→
DIµΦ](L¯Lγ
µτ ILL)
OqR[1]2D1 Tr[Φ†i
←→
DµΦ](Q¯Rγ
µQR) OqR[3]2D1 Tr[Φ†i
←→
DIµΦ](Q¯Rγ
µτ IQR)
OqL[1]2D1 Tr[Φ†i
←→
DµΦ](Q¯Lγ
µQL) OqL[3]2D1 Tr[Φ†i
←→
DIµΦ](Q¯Lγ
µτ IQL)
OlL[1]LDl Tr[∆†Li
←→
Dµ∆L](L¯Lγ
µLL) OlL[3]LDl Tr[∆†Li
←→
DIµ∆L](L¯Lγ
µτ ILL)
OlLRDr Tr[∆†Ri
←→
Dµ∆R](L¯Lγ
µLL) OlRLDl Tr[∆†Li
←→
Dµ∆L](L¯Rγ
µLR)
OlR[1]RDr Tr[∆†Ri
←→
Dµ∆R](L¯Rγ
µLR) OlR[3]RDr Tr[∆†Ri
←→
DIµ∆R](L¯Rγ
µτ ILR)
OqL[1]LDl Tr[∆†Li
←→
Dµ∆L](Q¯Lγ
µQL) OqL[3]LDl Tr[∆†Li
←→
DIµ∆L](Q¯Lγ
µτ IQL)
OqLRDr Tr[∆†Ri
←→
Dµ∆R](Q¯Lγ
µQL) OqRLDl Tr[∆†Li
←→
Dµ∆L](Q¯Rγ
µQR)
OqR[1]Rr Tr[∆†Ri
←→
Dµ∆R](Q¯Rγ
µQR) OqR[3]Rr Tr[∆†Ri
←→
DIµ∆R](Q¯Rγ
µτ IQR)
OlL4D1 Tr[Φ˜†i
←→
DµΦ](L¯Lγ
µLL) + h.c. OlR4D1 Tr[Φ˜†i
←→
DµΦ](L¯Rγ
µLR) + h.c.
OqL4D1 Tr[Φ˜†i
←→
DµΦ](Q¯Lγ
µQL) + h.c. OqR4D1 Tr[Φ˜†i
←→
DµΦ](Q¯Rγ
µQR) + h.c.
OlLlRlD1 LTLCiτ2∆L(γµDµΦ)LR + h.c. OlLlRrD1 LTRCiτ2∆R(γµDµΦ)LL + h.c.
OlLlRlD3 LTLCiτ2∆L(γµDµΦ˜)LR + h.c. OlLlRrD3 LTRCiτ2∆R(γµDµΦ˜)LL + h.c.
Table 23: MLRSM: ψ2φ2D [20 + 8×2 = 36] class of operators.
O2(1)2(1)φD Tr[(Φ†i
←→
DµΦ)(Φ
†i
←→
DµΦ)] O(2)(1)21φD Tr[(DµΦ)†(DµΦ)Φ†Φ]
O(11)(22)φD Tr[Dµ(ΦΦ)(Dµ(ΦΦ))†] O{(2)(1)}{21}φD Tr[(DµΦ)†(DµΦ)]Tr[Φ†Φ]
O2(1)1(1)φD Tr[Φ†(DµΦ)Φ(DµΦ)
]
+ h.c. O1(1)1(1)φD Tr[Φ(DµΦ)Φ(DµΦ)] + h.c.
OLl(2)(1)φD Tr[(∆†L∆L)(DµΦ)†(DµΦ)] ORr(2)(1)φD Tr[(∆†R∆R)(DµΦ)†(DµΦ)]
O21(L)(l)φD Tr[(Φ†Φ)(Dµ∆L)†(Dµ∆L)] O21(R)(r)φD Tr[(Φ†Φ)(Dµ∆R)†(Dµ∆R)]
O{Ll}{(2)(1)}φD Tr[∆†L∆L]Tr[(DµΦ)†(DµΦ)] O{Rr}{(2)(1)}φD Tr[∆†R∆R]Tr[(DµΦ)†(DµΦ)]
O{21}{(L)(l)}φD Tr[Φ†Φ]Tr[(Dµ∆L)†(Dµ∆L)] O{21}{(R)(r)}φD Tr[Φ†Φ]Tr[(Dµ∆R)†(Dµ∆R)]
ORr(Rr) Tr[(∆†R∆R)(∆†R∆R)] OLl(Ll) Tr[(∆†L∆L)(∆†L∆L)]
OR(r)R(r)φD Tr[(∆†Ri
←→
Dµ∆R)(∆
†
Ri
←→
Dµ∆R)] OL(l)L(l)φD Tr[(∆†Li
←→
Dµ∆L)(∆
†
Li
←→
Dµ∆L)]
O{Rr}{(R)(r)}φD Tr[∆†R∆R]Tr[(Dµ∆R)†(Dµ∆R)] O{Ll}{(L)(l)}φD Tr[∆†L∆L]Tr[(Dµ∆L)†(Dµ∆L)]
OR(r)1(1)φD Tr[∆†R(Dµ∆R)Φ(DµΦ)] + h.c. OL(l)1(1)φD Tr[∆†L(Dµ∆L)Φ(DµΦ)] + h.c.
O(R)11(r)φD Tr{
[
(Dµ∆R)
†Φ
][
Φ(Dµ∆R)
]}+ h.c. O(L)11(l)φD Tr{[(Dµ∆L)†Φ][Φ(Dµ∆L)]}+ h.c.
O(R)11(l)φD Tr{
[
(Dµ∆R)
†Φ
][
Φ(Dµ∆L)
]}+ h.c. O(L)11(r)φD Tr{[(Dµ∆L)†Φ][Φ(Dµ∆R)]}+ h.c.
O(2)rL(1)φD Tr{
[
(DµΦ)
†∆R
][
∆†L(D
µΦ)
]}+ h.c. O(L)12(r)φD Tr{[(Dµ∆L)†Φ][Φ†(Dµ∆R)]}+ h.c.
O(R)lL(r)φD Tr{
[
(Dµ∆R)
†∆L
][
∆†L(D
µ∆R)
]} O(L)rR(l)φD Tr{[(Dµ∆L)†∆R][∆†R(Dµ∆L)]}
O(L)rL(r)φD Tr{
[
(Dµ∆L)
†∆R
][
∆†L(D
µ∆R)
]}+ h.c.
Table 24: MLRSM: φ4D2 [20 + 11×2 = 42] class of operators.
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O41φB Tr
[
Φ˜†Φ
]
BµνB
µν O41
φB˜
Tr
[
Φ˜†Φ
]
BµνB˜
µν
O23φB Tr
[
Φ†Φ˜
]
BµνB
µν O23
φB˜
Tr
[
Φ†Φ˜
]
BµνB˜
µν
O21φB Tr
[
Φ†Φ
]
BµνB
µν O21
φB˜
Tr
[
Φ†Φ
]
BµνB˜
µν
O21φG Tr
[
Φ†Φ
]
GaµνG
aµν O21
φG˜
Tr
[
Φ†Φ
]
GaµνG˜
aµν
O23φG Tr
[
Φ†Φ˜
]
GaµνG
aµν O23
φG˜
Tr
[
Φ†Φ˜
]
GaµνG˜
aµν
O41φG Tr
[
Φ˜†Φ
]
GaµνG
aµν O41
φG˜
Tr
[
Φ˜†Φ
]
GaµνG˜
aµν
O23φWL Tr
[
Φ†Φ˜WLµνW
µν
L
] O23
φW˜L
Tr
[
Φ†Φ˜WLµνW˜
µν
L
]
O41φWL Tr
[
Φ˜†ΦWLµνW
µν
L
] O41
φW˜L
Tr
[
Φ˜†ΦWLµνW˜
µν
L
]
O21φWL Tr
[
Φ†ΦWLµνW
µν
L
] O21
φW˜L
Tr
[
Φ†ΦWLµνW˜
µν
L
]
O23φWR Tr
[
Φ†Φ˜WRµνW
µν
R
] O23
φW˜R
Tr
[
Φ†Φ˜WRµνW˜
µν
R
]
O41φWR Tr
[
Φ˜†ΦWRµνW
µν
R
] O41
φW˜R
Tr
[
Φ˜†ΦWRµνW˜
µν
R
]
O21φWR Tr
[
Φ†ΦWRµνW
µν
R
] O21
φW˜R
Tr
[
Φ†ΦWRµνW˜
µν
R
]
OLl∆B Tr
[
∆†L∆L
]
BµνB
µν OLl
∆B˜
Tr
[
∆†L∆L
]
BµνB˜
µν
ORr∆B Tr
[
∆†R∆R
]
BµνB
µν ORr
∆B˜
Tr
[
∆†R∆R
]
BµνB˜
µν
OLl∆G Tr
[
∆†L∆L
]
GaµνG
aµν OLl
∆G˜
Tr
[
∆†L∆L
]
GaµνG˜
aµν
ORr∆G Tr
[
∆†R∆R
]
GaµνG
aµν ORr
∆G˜
Tr
[
∆†R∆R
]
GaµνG˜
aµν
O21φWLB Tr
[
Φ†WµνL Φ
]
Bµν O21φW˜LB Tr
[
Φ†W˜µνL Φ
]
Bµν
O21φWRB Tr
[
Φ†WµνR Φ
]
Bµν O21φW˜RB Tr
[
Φ†W˜µνR Φ
]
Bµν
O21φWLWR Tr
[
Φ†WLµνΦW
µν
R
] O21
φWLW˜R
Tr
[
Φ†WLµνΦW˜
µν
R
]
O23φWLWR Tr
[
Φ†WLµνΦ˜W
µν
R
] O23
φWLW˜R
Tr
[
Φ†WLµνΦ˜W˜
µν
R
]
O41φWLWR Tr
[
Φ˜†WLµνΦW
µν
R
] O41
φWLW˜R
Tr
[
Φ˜†WLµνΦW˜
µν
R
]
OLl∆WLB Tr
[
∆†LW
µν
L ∆L
]
Bµν OLl∆W˜LB Tr
[
∆†LW˜
µν
L ∆L
]
Bµν
ORr∆WRB Tr
[
∆†RW
µν
R ∆R
]
Bµν ORr∆W˜RB Tr
[
∆†RW˜
µν
R ∆R
]
Bµν
OLlWLWL∆W Tr
[
∆†L∆LWLµνW
µν
L
] OLlWLWL
∆W˜
Tr
[
∆†L∆LWLµνW˜
µν
L
]
ORrWLWL∆W Tr
[
∆†R∆RWLµνW
µν
L
] ORrWLWL
∆W˜
Tr
[
∆†R∆RWLµνW˜
µν
L
]
OLlWRWR∆W Tr
[
∆†L∆LWRµνW
µν
R
] OLlWRWR
∆W˜
Tr
[
∆†L∆LWRµνW˜
µν
R
]
ORrWRWR∆W Tr
[
∆†R∆RWRµνW
µν
R
] ORrWRWR
∆W˜
Tr
[
∆†R∆RWRµνW˜
µν
R
]
OLWLlWL∆W Tr
[
∆LWLµν∆
†
LW
µν
L
] OLWLlWL
∆W˜
Tr
[
∆LWLµν∆
†
LW˜
µν
L
]
OLWRrWL∆W Tr
[
∆RWRµν∆
†
LW
µν
L
] OLWRrWL
∆W˜
Tr
[
∆RWRµν∆
†
LW˜
µν
L
]
ORWLlWR∆W Tr
[
∆LWLµν∆
†
RW
µν
R
] ORWLlWR
∆W˜
Tr
[
∆LWLµν∆
†
RW˜
µν
R
]
ORWRrWR∆W Tr
[
∆RWRµν∆
†
RW
µν
R
] ORWRrWR
∆W˜
Tr
[
∆RWRµν∆
†
RW˜
µν
R
]
Table 25: MLRSM: φ2X2 [62] class of operators. Note WµνL,R = W
Iµν
L,R · τ I , I = 1, 2, 3.
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Scalar Potential in the presence of φ6 operators:
In the presence of φ6 operators, the scalar potential is modified as V (φ1, φ2) + Lφ6 where
Lφ6 =
112∑
j=1
Cj6Oj6. (6.1)
Apart from the earlier minimisation conditions Eq. 5.9, we have further noted the following
minimisation criteria:
∂Lφ6
∂vR
=
1
4Λ2
[
κ1vL
(
3v2R
(
κ2CRrL2r16 + κ1(CRrL4r16 + CRrR4l16 )
)
+ κ2κ
2
1C21L2r16 + κ32C41L2r36 + CRrRrRr6 v3R
+ κ31(C21L4r16 + C21R4l16 ) + κ22κ1(C2L41r36 + C41L41r6 + C41R2l16 + C41R41l6 )
)
+ v2LvR
(
2CRrRrLl6 v2R
+ κ21C21LlRr6 + 2κ1κ2C41LlRr6 + κ22(CLlR21r6 + CRrL21l6 )
)
+ CLlLlRr6 v4LvR + κ1v3L
(
κ1(CLlL4r16 + CLlR4l16 )
+ κ2CLlR2l16
)
+ vR
(
v2R
(
κ21(C{21}{RrRr}6 + 2C21RrRr6 ) + κ22(C{21}{RrRr}6 + 2CRrR21r6 ) + 4κ2κ1C41RrRr6
)
+ κ21
(
κ21(C2121Rr6 + C2211Rr6 ) + 2κ2κ1C2141Rr6 + κ22(C23Rr416 + C2R21r16 + 2(C4141Rr6 + C41R2r16 ))
))]
= 0, (6.2)
∂Lφ6
∂vL
=
1
4Λ2
[
vL
(
v2R
(
κ21C21LlRr6 + 2κ2κ1C41LlRr6 + κ22(CLlR21r6 + CRrL21l6 )
)
+ CRrRrLl6 v4R
+ κ21
(
κ21(C2121Ll6 + C2211Ll6 ) + 2κ2κ1C2141Ll6 + κ22(C23Ll416 + C2L21l16 + 2(C4141Ll6 + C41L2l16 ))
))
+ 2v3L
(CLlLlRr6 v2R + κ21(C{21}{LlLl}6 + C21LlLl6 ) + κ22(C{21}{LlLl}6 + CLlL21l6 ) + 2κ1κ2C41LlLl6 )
+ 3κ1v
2
LvR
(
κ1(CLlL4r16 + CLlR4l16 ) + κ2CLlR2l16
)
+ 3CLlLlLl6 v5L + κ1vR
(
v2R
(
κ2CRrL2r16 + κ1(CRrL4r16
+ CRrR4l16 )
)
+ κ2κ
2
1C21L2r16 + κ31(C21L4r16 + C21R4l16 ) + κ22κ1(C2L41r36 + C41L41r6 + C41R2l16 + C41R41l6 )
+ κ32C41L2r36
)]
= 0, (6.3)
∂Lφ6
∂κ1
=
1
4Λ2
[
v2L
(
v2R
(
κ1C21LlRr6 + κ2C41LlRr6
)
+ κ1
(
2κ21(C2121Ll6 + C2211Ll6 ) + 3κ2κ1C2141Ll6 + κ22(C23Ll416
+ C2L21l16 + 2(C4141Ll6 + C41L2l16 ))
))
+ vLvR
(
v2R
(
κ2CRrL2r16 + 2κ1(CRrL4r16 + CRrR4l16 )
)
+ 3κ2κ
2
1C21L2r16
+ 4κ31(C21L4r16 + C21R4l16 ) + 2κ22κ1(C2L41r36 + C41L41r6 + C41R2l16 + C41R41l6 ) + κ32C41L2r36
)
+ v3LvR
(
2κ1(CLlL4r16 + CLlR4l16 ) + κ2CLlR2l16
)
+ v4L
(
κ1(C{21}{LlLl}6 + C21LlLl6 ) + κ2C41LlLl6
)
+ κ1v
2
R
(
2κ21(C2121Rr6 + C2211Rr6 ) + 3κ2κ1C2141Rr6 + κ22(C23Rr416 + C2R21r16 + 2(C4141Rr6 + C41R2r16 ))
)
+ v4R
(
κ1(C{21}{RrRr}6 + C21RrRr6 ) + κ2C41RrRr6
)
+ 3κ51C{21}{2121}6 + 2κ22κ31C{21}{2121}6 + κ42κ1C{21}{2121}6
+ 3κ51C2121216 + 5κ2κ41C4121216 + κ52C4121216 + 4κ22κ31C4141216 + 2κ42κ1C4141216 + 6κ32κ21C4141236 + 6κ32κ21C4141416
]
= 0, (6.4)
∂Lφ6
∂κ2
=
1
4Λ2
[
v2L
(
v2R
(
κ1C41LlRr6 + κ2(CLlR21r6 + CRrL21l6 )
)
+ κ21
(
κ1C2141Ll6 + κ2(C23Ll416 + C2L21l16
+ 2(C4141Ll6 + C41L2l16 ))
))
+ κ1vLvR
(CRrL2r16 v2R + κ21C21L2r16 + 2κ1κ2(C2L41r36 + C41L41r6 + C41R2l16
+ C41R41l6 ) + 3κ22C41L2r36
)
+ κ1CLlR2l16 v3LvR + v4L
(
κ2(C{21}{LlLl}6 + CLlL21l6 ) + κ1C41LlLl6
)
+ κ21v
2
R
(
κ1C2141Rr6 + κ2(C23Rr416 + C2R21r16 + 2(C4141Rr6 + C41R2r16 ))
)
+ v4R
(
κ2(C{21}{RrRr}6 + CRrR21r6 )
+ κ1C41RrRr6
)
+ κ2κ
4
1C{21}{2121}6 + 2κ32κ21C{21}{2121}6 + 3κ52C{21}{2121}6 + 3κ52C2121216 + κ51C4121216
+ 5κ42κ1C4121216 + 2κ2κ41C4141216 + 4κ32κ21C4141216 + 6κ22κ31C4141236 + 6κ22κ31C4141416
]
= 0. (6.5)
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φ4D2 and φ6 operators: Redefinitions of the Scalar fields and modifications in spectrum :
The scalar kinetic lagrangian, Eq. 5.1, gets modified in presence of the φ4D2 operators, Ta-
ble 24, as:
L(4)+(6) = 1
2

∂µφ0r1
∂µφ0r2
∂µδ0rR
∂µδ0rL

T

1 +
A11r
Λ2
A12r
Λ2
A13r
Λ2
A14r
Λ2
A12r
Λ2 1 +
A22r
Λ2
A23r
Λ2
A24r
Λ2
A13r
Λ2
A23r
Λ2 1 +
A33r
Λ2
A34r
Λ2
A14r
Λ2
A24r
Λ2
A34r
Λ2 1 +
A44r
Λ2


∂µφ
0r
1
∂µφ
0r
2
∂µδ
0r
R
∂µδ
0r
L

+
1
2

∂µφ0i1
∂µφ0i2
∂µδ0iR
∂µδ0iL

T

1 +
A11i
Λ2
A12i
Λ2
A13i
Λ2
A14i
Λ2
A12i
Λ2 1 +
A22i
Λ2
A23i
Λ2
A24i
Λ2
A13i
Λ2
A23i
Λ2 1 +
A33i
Λ2
A34i
Λ2
A14i
Λ2
A24i
Λ2
A34i
Λ2 1 +
A44i
Λ2


∂µφ
0i
1
∂µφ
0i
2
∂µδ
0i
R
∂µδ
0i
L

(6.6)
+

∂µφ
′+
1
∂µφ
′+
2
∂µδ+R
∂µδ+L

†
1 +
A11+
Λ2
A12+
Λ2
A13+
Λ2
A14+
Λ2
A12+
Λ2 1 +
A22+
Λ2
A23+
Λ2
A24+
Λ2
A13+
Λ2
A23+
Λ2 1 +
A33+
Λ2
A34+
Λ2
A14+
Λ2
A24+
Λ2
A34+
Λ2 1 +
A44+
Λ2


∂µφ
′+
1
∂µφ
′+
2
∂µδ
+
R
∂µδ
+
L

+
(
∂µδ++R
∂µδ++L
)†(
1 +
A11++
Λ2
A12++
Λ2
A12++
Λ2 1 +
A22++
Λ2
)(
∂µδ
++
R
∂µδ
++
L
)
.
The components of the scalar mass matrices are given as:
A11r =
1
2κ2+
[
2κ22C(2)rL(1)φD vLvR + v2L
(
κ2+C{Ll}{(2)(1)}φD + κ21CLl(2)(1)φD
)
+ v2R
(
κ2+C{Rr}{(2)(1)}φD + κ21CRr(2)(1)φD
)
+ 2κ41C1(1)1(1)φD + 2κ42C1(1)1(1)φD + 4κ41C(11)(22)φD + 4κ42C(11)(22)φD + 2κ41C2(1)1(1)φD + 2κ42C2(1)1(1)φD
+ κ41C{(2)(1)}{21}φD + 2κ22κ21C{(2)(1)}{21}φD + κ42C{(2)(1)}{21}φD + κ41C(2)(1)21φD + κ42C(2)(1)21φD
]
,
A12r = −
κ1κ2
2κ2+
[
− 2C(2)rL(1)φD vLvR + CLl(2)(1)φD v2L + CRr(2)(1)φD v2R + κ2−(2C1(1)1(1)φD + 4C(11)(22)φD + 2C2(1)1(1)φD
+ C(2)(1)21φD )
]
,
A13r =
κ21CR(r)1(1)φD vR
2κ+
,
A14r =
κ21CL(l)1(1)φD vL
2κ+
,
A22r =
1
2κ2+
[
2κ21C(2)rL(1)φD vLvR + v2L
(
κ2+C{Ll}{(2)(1)}φD + κ22CLl(2)(1)φD
)
+ v2R
(
κ2+C{Rr}{(2)(1)}φD + κ22CRr(2)(1)φD
)
+ 4κ22κ
2
1C1(1)1(1)φD + 8κ22κ21C(11)(22)φD + 4κ22κ21C2(1)1(1)φD + κ41C{(2)(1)}{21}φD + 2κ22κ21C{(2)(1)}{21}φD
+ κ42C{(2)(1)}{21}φD + 2κ22κ21C(2)(1)21φD
]
,
A23r = −
κ1κ2CR(r)1(1)φD vR
2κ+
,
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A24r = −
κ1κ2CL(l)1(1)φD vL
2κ+
,
A33r =
1
2
[
C(R)lL(r)φD v2L + v2R(C{Rr}{(R)(r)}φD − 4CRr(Rr) ) + κ21C{21}{(R)(r)}φD + κ22C{21}{(R)(r)}φD + κ21C21(R)(r)φD
+ 2κ22C(R)11(r)φD
]
,
A34r =
1
2
[
C(L)rL(r)φD vLvR + κ22(C(L)11(r)φD + C(L)12(r)φD + C(R)11(l)φD )
]
,
A44r =
1
2
[
v2L(C{Ll}{(L)(l)}φD − 4CLl(Ll) ) + C(L)rR(l)φD v2R + κ21C{21}{(L)(l)}φD + κ22C{21}{(L)(l)}φD + κ21C21(L)(l)φD ]
+ 2κ22C(L)11(l)φD
]
,
A11i =
1
2κ2+
[
2κ22C(2)rL(1)φD vLvR + v2L
(
κ2+C{Ll}{(2)(1)}φD + κ21CLl(2)(1)φD
)
+ v2R
(
κ2+C{Rr}{(2)(1)}φD + κ21CRr(2)(1)φD
)
+ κ21CRr(2)(1)φD − 2κ41C1(1)1(1)φD − 2κ42C1(1)1(1)φD + 4κ41C(11)(22)φD + 4κ42C(11)(22)φD − 2κ41C2(1)1(1)φD − 2κ42C2(1)1(1)φD
+ κ41C{(2)(1)}{21}φD + 2κ22κ21C{(2)(1)}{21}φD + κ42C{(2)(1)}{21}φD + κ41C(2)(1)21φD + κ42C(2)(1)21φD + 4κ41C2(1)2(1)φD
+ 4κ42C2(1)2(1)φD
]
,
A12i =
κ1κ2
2κ2+
[
2C(2)rL(1)φD vLvR − CLl(2)(1)φD v2L − CRr(2)(1)φD v2R
+ κ2−(2C1(1)1(1)φD − 4C(11)(22)φD + 2C2(1)1(1)φD − C(2)(1)21φD − 4C2(1)2(1)φD )
]
,
A13i = −
κ21CR(r)1(1)φD vR
2κ+
,
A14i = −
κ21CL(l)1(1)φD vL
2κ+
,
A22i =
1
2κ2+
[
2κ21C(2)rL(1)φD vLvR + v2L
(
κ2+C{Ll}{(2)(1)}φD + κ22CLl(2)(1)φD
)
+ v2R
(
κ2+C{Rr}{(2)(1)}φD + κ22CRr(2)(1)φD
)
− 4κ22κ21C1(1)1(1)φD + 8κ22κ21C(11)(22)φD − 4κ22κ21C2(1)1(1)φD + κ41C{(2)(1)}{21}φD + 2κ22κ21C{(2)(1)}{21}φD
+ κ42C{(2)(1)}{21}φD + 2κ22κ21C(2)(1)21φD + 8κ22κ21C2(1)2(1)φD
]
,
A23i =
κ1κ2CR(r)1(1)φD vR
2κ+
,
A24i =
κ1κ2CL(l)1(1)φD vL
2κ+
,
A33i =
1
2
[
C(R)lL(r)φD v2L + v2R(C{Rr}{(R)(r)}φD + 4CR(r)R(r)φD ) + κ21C{21}{(R)(r)}φD + κ22C{21}{(R)(r)}φD + κ21C21(R)(r)φD
+ 2κ22C(R)11(r)φD
]
,
A34i =
1
2
[
C(L)rL(r)φD vLvR + κ22(C(L)11(r)φD + C(L)12(r)φD + C(R)11(l)φD )
]
,
A44i =
1
2
[
v2L(C{Ll}{(L)(l)}φD + 4CL(l)L(l)φD ) + C(L)rR(l)φD v2R + κ21C{21}{(L)(l)}φD + κ22C{21}{(L)(l)}φD + κ21C21(L)(l)φD
+ 2κ22C(L)11(l)φD
]
,
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A11+ =
1
2κ2+
[
2κ22C(2)rL(1)φD vLvR + v2L
(
κ2+C{Ll}{(2)(1)}φD + κ22CLl(2)(1)φD
)
+ v2R
(
κ2+C{Rr}{(2)(1)}φD + κ22CRr(2)(1)φD
)
+ 4κ22κ
2
1C1(1)1(1)φD + κ41C(11)(22)φD + 2κ2κ31C(11)(22)φD + 2κ22κ21C(11)(22)φD + 2κ32κ1C(11)(22)φD + κ42C(11)(22)φD
+ 4κ22κ
2
1C2(1)1(1)φD + κ41C{(2)(1)}{21}φD + 2κ22κ21C{(2)(1)}{21}φD + κ42C{(2)(1)}{21}φD + 2κ22κ21C(2)(1)21φD
+ 2κ41C2(1)2(1)φD − 4κ22κ21C2(1)2(1)φD + 2κ42C2(1)2(1)φD
]
,
A12+ =
κ1κ2
2κ2+
[
2C(2)rL(1)φD vLvR + CLl(2)(1)φD v2L + CRr(2)(1)φD v2R + κ2−(2C1(1)1(1)φD + 2C2(1)1(1)φD + C(2)(1)21φD
− 4C2(1)2(1)φD )
]
,
A13+ = −
κ22CR(r)1(1)φD vR
2
√
2κ+
,
A14+ = −
κ22CL(l)1(1)φD vL
2
√
2κ+
,
A22+ =
1
2κ2+
[
2κ21C(2)rL(1)φD vLvR + v2L
(
κ2+C{Ll}{(2)(1)}φD + κ21CLl(2)(1)φD
)
+ v2R
(
κ2+C{Rr}{(2)(1)}φD + κ21CRr(2)(1)φD
)
− 4κ22κ21C1(1)1(1)φD + κ41C(11)(22)φD + 2κ2κ31C(11)(22)φD + 2κ22κ21C(11)(22)φD + 2κ32κ1C(11)(22)φD + κ42C(11)(22)φD
− 4κ22κ21C2(1)1(1)φD + κ41C{(2)(1)}{21}φD + 2κ22κ21C{(2)(1)}{21}φD + κ42C{(2)(1)}{21}φD + κ41C(2)(1)21φD + κ42C(2)(1)21φD
+ 8κ22κ
2
1C2(1)2(1)φD
]
,
A23+ = −
κ1κ2CR(r)1(1)φD vR
2
√
2κ+
,
A24+ = −
κ1κ2CL(l)1(1)φD vL
2
√
2κ+
,
A33+ =
1
4
[
C(R)lL(r)φD v2L + v2R(2C{Rr}{(R)(r)}φD + 2CR(r)R(r)φD − 2CRr(Rr) ) + κ2+(2C{21}{(R)(r)}φD + C21(R)(r)φD
+ 2C(R)11(r)φD )
]
,
A34+ =
1
4
[
C(L)rL(r)φD vLvR + κ2+(C(L)11(r)φD + C(L)12(r)φD + C(R)11(l)φD )
]
,
A44+ =
1
4
[
v2L(2C{Ll}{(L)(l)}φD + 2CL(l)L(l)φD − 2CLl(Ll) ) + C(L)rR(l)φD v2R + κ2+(2C{21}{(L)(l)}φD + C21(L)(l)φD
+ 2C(L)11(l)φD )
]
,
A11++ =
1
2
[
κ2+C{21}{(R)(r)}φD + κ22C21(R)(r)φD + 2κ21C(R)11(r)φD + v2RC{Rr}{(R)(r)}φD
]
,
A12++ =
1
2
κ21(C(L)11(r)φD + C(L)12(r)}φD + C(R)11(l)φD ),
A22++ =
1
2
[
κ2+C{21}{(L)(l)}φD + κ22C21(L)(l)φD + 2κ21C(L)11(l)φD + v2LC{Ll}{(L)(l)}φD
]
.
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In order to reduce the scalar kinetic terms in their canonical forms, we have redefined the scalar
fields as:
φ0r1 →
(
1− A
11
r
2Λ2
)
φ0r1 −
(
A12r
2Λ2
)
φ0r2 −
(
A13r
2Λ2
)
δ0rR −
(
A14r
2Λ2
)
δ0rL ,
φ0r2 →
(
1− A
22
r
2Λ2
)
φ0r2 −
(
A12r
2Λ2
)
φ0r1 −
(
A23r
2Λ2
)
δ0rR −
(
A24r
2Λ2
)
δ0rL , (6.7)
δ0rR →
(
1− A
33
r
2Λ2
)
δ0rR −
(
A13r
2Λ2
)
φ0r1 −
(
A23r
2Λ2
)
φ0r2 −
(
A34r
2Λ2
)
δ0rL ,
δ0rL →
(
1− A
44
r
2Λ2
)
δ0rL −
(
A14r
2Λ2
)
φ0r1 −
(
A24r
2Λ2
)
φ0r2 −
(
A34r
2Λ2
)
δ0rR ,
φ0i1 →
(
1− A
11
i
2Λ2
)
φ0i1 −
(
A12i
2Λ2
)
φ0i2 −
(
A13i
2Λ2
)
δ0iR −
(
A14i
2Λ2
)
δ0iL ,
φ0i2 →
(
1− A
22
i
2Λ2
)
φ0i2 −
(
A12i
2Λ2
)
φ0i1 −
(
A23i
2Λ2
)
δ0iR −
(
A24i
2Λ2
)
δ0iL , (6.8)
δ0iR →
(
1− A
33
i
2Λ2
)
δ0iR −
(
A13i
2Λ2
)
φ0i1 −
(
A23i
2Λ2
)
φ0i2 −
(
A34i
2Λ2
)
δ0iL ,
δ0iL →
(
1− A
44
i
2Λ2
)
δ0iL −
(
A14i
2Λ2
)
φ0i1 −
(
A24i
2Λ2
)
φ0i2 −
(
A34i
2Λ2
)
δ0iR ,
φ′+1 →
(
1− A
11
+
2Λ2
)
φ′+1 −
(
A12+
2Λ2
)
φ′+2 −
(
A13+
2Λ2
)
δ+R −
(
A14+
2Λ2
)
δ+L ,
φ′+2 →
(
1− A
22
+
2Λ2
)
φ′+2 −
(
A12+
2Λ2
)
φ′+1 −
(
A23i
2Λ2
)
δ+R −
(
A24i
2Λ2
)
δ+L , (6.9)
δ+R →
(
1− A
33
+
2Λ2
)
δ+R −
(
A13+
2Λ2
)
φ′+1 −
(
A23+
2Λ2
)
φ′+2 −
(
A34+
2Λ2
)
δ+L ,
δ+L →
(
1− A
44
+
2Λ2
)
δ+L −
(
A14+
2Λ2
)
φ′+1 −
(
A24+
2Λ2
)
φ′+2 −
(
A34+
2Λ2
)
δ+R ,
δ++R →
(
1− A
11
++
2Λ2
)
δ++R −
(
A12++
2Λ2
)
δ++L ,
δ++L →
(
1− A
22
++
2Λ2
)
δ++L −
(
A12++
2Λ2
)
δ++R . (6.10)
These redefined scalar fields modify the scalar mass matrices. There will be further contribu-
tions to the scalar masses from the φ6 operators. Encapsulating all these contributions, the total
scalar mass matrices can be expressed as:
L(4)+(6)MH =
1
2

φ0r1
φ0r2
δ0rR
δ0rL

T
M2r

φ0r1
φ0r2
δ0rR
δ0rL
+ 12

φ0i1
φ0i2
δ0iR
δ0iL

T
M2i

φ0i1
φ0i2
δ0iR
δ0iL
+

φ
′+
1
φ
′+
2
δ+R
δ+L

†
M2+

φ
′+
1
φ
′+
2
δ+R
δ+L
+
[
δ++R
δ++L
]†
M2++
[
δ++R
δ++L
]
.
– 44 –
Here, M2r,M2i andM2+ are (4×4) matrices whileM2++ is (2×2) matrix. Elements of these mass
matrices can be written as :
(Mj)2mn =
(
m2j + (∆m
2
j,φD) + (∆m
2
j,φ6)
)
mn
; j ≡ {r, i,+,++}. (6.11)
Here, we have provided the individual matrix elements :
CP-even scalar mass matrix
(∆m2r,φD)11 =
1
κ3+Λ
2
[
− κ21
(
κ22
(
2α1A
14
r vL + α3A
14
r vL + 2α1A
13
r vR + α3A
13
r vR + 4κ+λ1A
11
r + 16κ+λ2A
11
r
)
+ 8κ+λ3A
11
r +
(
2ρ1 − ρ3
)
vLvR
(
A13r vL +A
14
r vR
))− κ22(κ22((α1 + α3)(A14r vL +A13r vR)
− 2κ+λ4A12r + 2κ+λ1A11r
)
+
(
2ρ1 − ρ3
)
vLvR
(
A13r vL +A
14
r vR
))
+ κ41
(− (α1(A14r vL +A13r vR)
+ 2κ+λ4A
12
r + 2κ+λ1A
11
r
))− 4κ2κ31(α2A14r vL + 2κ+λ2A12r + κ+λ3A12r + α2A13r vR + 2κ+λ4A11r )
− 4κ32κ1
(
α2A
14
r vL − 2κ+λ2A12r − κ+λ3A12r + α2A13r vR + 2κ+λ4A11r
)]
, (6.12)
(∆m2r,φD)12 =
1
4Λ2κ2−κ3+κ21
[
− 2κ+vLvRκ42
(
β3κ
2
2 + vLvR
(
ρ3 − 2ρ1
))
A12r − 2κ71κ2
(
4vLα2A
24
r + 4vRα2A
23
r
+ vLα3A
14
r + vRβ3A
14
r + vRα3A
13
r + vLβ3A
13
r + 8κ+λ4A
12
r + 8κ+
(
A22r +A
11
r
)
λ2
+ 4κ+
(
A22r +A
11
r
)
λ3
)− κ81(2vLα1A24r + 2vRα1A23r + 4vLα2A14r + vRβ1A14r + 4vRα2A13r
+ vLβ1A
13
r + 4κ+λ1A
12
r + 8κ+λ2A
12
r + 4κ+λ3A
12
r + 4κ+
(
A22r +A
11
r
)
λ4
)
+ κ31
(
2κ52
(
4vLα2A
24
r
+ 4vRα2A
23
r + vLα3A
14
r + vRβ3A
14
r + vRα3A
13
r + vLβ3A
13
r + 8κ+λ4A
12
r − 8κ+
(
A22r +A
11
r
)
λ2
− 4κ+
(
A22r +A
11
r
)
λ3
)− 4κ+A12r vLvRβ1κ32)+ κ61(− κ+v2Rα3A12r + κ22(− 2vLα1A24r − 2vLα3A24r
− 2vRα1A23r − 2vRα3A23r + 4vLα2A14r − vRβ1A14r + 4vRα2A13r − vLβ1A13r − 4κ+λ1A12r − 8κ+λ2A12r
− 4κ+λ3A12r + 4κ+
(
A22r +A
11
r
)
λ4
)− v2L(2vR(2ρ1 − ρ3)A23r + κ+α3A12r )− 2vLvR(vR(2ρ1 − ρ3)A24r
+ κ+β3A
12
r
))
+ 2κ51
((− (vRA14r + vLA13r )β3 + 16κ+(A22r +A11r )λ2 + 8κ+(A22r +A11r )λ3)κ32
+ vLvRκ2
((
vRA
14
r + vLA
13
r
)(
2ρ1 − ρ3
)− κ+A12r β1))+ κ41(− 2κ+(α3v2L + 3vRβ3vL + v2Rα3)κ22A12r
+ 2κ+v
2
Lv
2
R
(
2ρ1 − ρ3
)
A12r + κ
4
2
(
2vLα1A
24
r + 2vRα1A
23
r + 4vLα2A
14
r + vRβ1A
14
r + 4vRα2A
13
r
+ vLβ1A
13
r + 4κ+λ1A
12
r + 8κ+λ2A
12
r + 4κ+λ3A
12
r + 4κ+
(
A22r +A
11
r
)
λ4
))
+ 2κ1κ
5
2
(
vRβ3κ
2
2A
14
r
+ v2LvR
(
ρ3 − 2ρ1
)
A13r + vL
(
v2R
(
ρ3 − 2ρ1
)
A14r + β3κ
2
2A
13
r − κ+vRβ1A12r
))
+ κ21
(
4κ+v
2
Lv
2
Rκ
2
2
(
2ρ1 − ρ3
)
A12r
+ κ62
(
2vLα1A
24
r + 2vLα3A
24
r + 2vRα1A
23
r + 2vRα3A
23
r − 4vLα2A14r + vRβ1A14r − 4vRα2A13r + vLβ1A13r
+ 4κ+λ1A
12
r + 8κ+λ2A
12
r + 4κ+λ3A
12
r − 4κ+
(
A22r +A
11
r
)
λ4
)− κ42(κ+v2Rα3A12r
+ v2L
(
2vR
(
ρ3 − 2ρ1
)
A23r + κ+α3A
12
r
)
+ 2vLvR
(
vR
(
ρ3 − 2ρ1
)
A24r + 3κ+β3A
12
r
)))]
, (6.13)
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(∆m2r,φD)13 =
1
4κ3+κ1Λ
2
[
− κ2+vR
(
4κ1ρ1A
33
r v
2
L − 2κ1ρ3A33r v2L + 2κ+κ1ρ1A14r vL + κ+κ1ρ3A14r vL − 4κ2ρ1A12r v2L
+ 2κ2ρ3A
12
r v
2
L + 2α3κ1κ
2
2A
33
r + 2α3κ
2
1κ2A
12
r + 2α1κ
2
+κ1
(
A33r +A
11
r
)
+ 4α2κ1
(
κ21A
12
r − κ22A12r + 2κ1κ2
(
A33r +A
11
r
))
+ 4κ1ρ1A
11
r v
2
L − 2κ1ρ3A11r v2L + 2α3κ1κ22A11r
)
− 2κ2+κ1v2R
(
2ρ1
(
A34r vL + κ+A
13
r
)− ρ3A34r vL)− κ2+vL(2κ1(α1κ2+ + κ2(4α2κ1 + α3κ2))A34r + β1κ2+κ1A12r
+ 2β3κ
2
+κ2A
12
r
)
+ κ3+κ1
(
2ρ1 − ρ3
)
A13r v
2
L − 4κ+κ1
(
2κ21κ
2
2
(
λ1 + 4λ2 + 2λ3
)
A13r
+ 2κ1κ
3
2
(
2λ4A
13
r −
(
2λ2 + λ3
)
A23r
)
+ 2κ31κ2
((
2λ2 + λ3
)
A23r + 2λ4A
13
r
)
+ κ42
(
λ1A
13
r − λ4A23r
)
+ κ41
(
λ4A
23
r + λ1A
13
r
))]
, (6.14)
(∆m2r,φD)14 =
1
4κ3+κ1Λ
2
[
− κ2+vL
(
2α3κ1κ
2
2A
44
r + 2α3κ
2
1κ2A
12
r + 4κ1ρ1A
44
r v
2
R − 2κ1ρ3A44r v2R + 2κ+κ1ρ1A13r vR (6.15)
+ κ+κ1ρ3A
13
r vR − 4κ2ρ1A12r v2R + 2κ2ρ3A12r v2R + 2α1κ2+κ1
(
A44r +A
11
r
)
+ 4α2κ1
(
κ21A
12
r − κ22A12r
+ 2κ1κ2
(
A44r +A
11
r
))
+ 4κ1ρ1A
11
r v
2
R − 2κ1ρ3A11r v2R + 2α3κ1κ22A11r
)− 2κ2+κ1v2L(2ρ1(κ+A14r +A34r vR)
− ρ3A34r vR
)− 4κ+κ1(2κ21κ22(λ1 + 4λ2 + 2λ3)A14r + 2κ1κ32(2λ4A14r − (2λ2 + λ3)A24r )
+ 2κ31κ2
((
2λ2 + λ3
)
A24r + 2λ4A
14
r
)
+ κ42
(
λ1A
14
r − λ4A24r
)
+ κ41
(
λ4A
24
r + λ1A
14
r
))
− κ2+vR
(
2κ1
(
α1κ
2
+ + κ2
(
4α2κ1 + α3κ2
))
A34r + β1κ
2
+κ1A
12
r + 2β3κ
2
+κ2A
12
r
)
+ κ3+κ1
(
2ρ1 − ρ3
)
A14r v
2
R
]
,
(∆m2r,φD)22 =
1
2Λ2κ2−κ3+κ21
[
− 2κ+vLvRκ42
(
β3κ
2
2 + vLvR
(
ρ3 − 2ρ1
))
A22r − 2κ71κ2
(
vLα3A
24
r + vRβ3A
24
r + vRα3A
23
r
+ vLβ3A
23
r + 8κ+λ2A
12
r + 4κ+λ3A
12
r
)
+ κ31
(
2κ52
(
vLα3A
24
r + vRβ3A
24
r + vRα3A
23
r + vLβ3A
23
r − 8κ+λ2A12r
− 4κ+λ3A12r
)− 4κ+A22r vLvRβ1κ32)− κ81(4vLα2A24r + vRβ1A24r + 4vRα2A23r + vLβ1A23r + 8κ+λ2A22r
+ 4κ+λ3A
22
r + 4κ+λ4A
12
r
)
+ κ61
(
κ22
(
4vLα2A
24
r − vRβ1A24r + 4vRα2A23r − vLβ1A23r + 24κ+λ2A22r
+ 12κ+λ3A
22
r + 4κ+λ4A
12
r
)− κ+A22r (α3v2L + 2vRβ3vL + v2Rα3))+ 2κ51((16κ+λ2A12r + 8κ+λ3A12r
− (vRA24r + vLA23r )β3)κ32 + vLvR((vRA24r + vLA23r )(2ρ1 − ρ3)− κ+A22r β1)κ2)
+ κ41
(− 2κ+(α3v2L + 3vRβ3vL + v2Rα3)κ22A22r + 2κ+v2Lv2R(2ρ1 − ρ3)A22r + κ42(4vLα2A24r + vRβ1A24r
+ 4vRα2A
23
r + vLβ1A
23
r − 24κ+λ2A22r − 12κ+λ3A22r + 4κ+λ4A12r
))
− κ21
(
κ+
(
α3v
2
L + 6vRβ3vL + v
2
Rα3
)
κ42A
22
r + 4κ+v
2
Lv
2
Rκ
2
2
(
ρ3 − 2ρ1
)
A22r + κ
6
2
(
4vLα2A
24
r − vRβ1A24r
+ 4vRα2A
23
r − vLβ1A23r − 8κ+λ2A22r − 4κ+λ3A22r + 4κ+λ4A12r
))
+ 2κ1κ
5
2
(
vRβ3κ
2
2A
24
r + v
2
LvR
(
ρ3 − 2ρ1
)
A23r + vL
(
v2R
(
ρ3 − 2ρ1
)
A24r + β3κ
2
2A
23
r − κ+vRβ1A22r
))]
, (6.16)
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(∆m2r,φD)23 =
1
4Λ2κ2−κ3+κ21
[
− v2R
(− 2κ2−vLκ1κ2(2ρ1 − ρ3)A34r + κ3+α3κ21A23r + 4κ2−κ+κ21ρ1A23r
− 2κ3+v2L
(
2ρ1 − ρ3
)
A23r
)
κ2+ − vR
(
β1κ
6
1A
34
r − 2β3κ1κ52A34r − β1κ21κ42A34r + 2β3κ51κ2A34r − 2α3κ31κ32A33r
+ 2α3κ
5
1κ2A
33
r + 4v
2
Lκ1κ
3
2ρ1A
33
r − 4v2Lκ31κ2ρ1A33r − 2v2Lκ1κ32ρ3A33r + 2v2Lκ31κ2ρ3A33r + 2κ+vLκ41ρ1A24r
− 2κ+vLκ21κ22ρ1A24r + κ+vLκ41ρ3A24r − κ+vLκ21κ22ρ3A24r + 2κ+vLβ3κ41A23r + 2κ+vLβ3κ42A23r
+ 2κ+vLβ1κ1κ
3
2A
23
r + 4κ+vLβ3κ
2
1κ
2
2A
23
r + 2κ+vLβ1κ
3
1κ2A
23
r − 2α3κ31κ32A22r + 2α3κ51κ2A22r
+ 4v2Lκ1κ
3
2ρ1A
22
r − 4v2Lκ31κ2ρ1A22r − 2v2Lκ1κ32ρ3A22r + 2v2Lκ31κ2ρ3A22r − 2α3κ21κ42A12r + 2α3κ41κ22A12r
+ 2α1κ
2
1
(
κ41 − κ42
)
A12r + 4v
2
Lκ
4
1ρ1A
12
r − 4v2Lκ21κ22ρ1A12r − 2v2Lκ41ρ3A12r + 2v2Lκ21κ22ρ3A12r
+ 4κ2−α2κ
2
1
(
2κ1κ2A
12
r +
(
A33r +A
22
r
)
κ21 −
(
A33r +A
22
r
)
κ22
))
κ2+ − κ1
((
4κ+
(
2λ2 + λ3
)
A23r + 4κ+λ4A
13
r
+ vL
(
4α2A
34
r +
(
A33r +A
22
r
)
β1
))
κ71 + 2κ2
(
8κ+λ2A
13
r + 4κ+λ3A
13
r + vL
(
α3A
34
r +
(
A33r +A
22
r
)
β3
))
κ61
+ κ51
(
κ+v
2
L
(
α3 − 2ρ1 + ρ3
)
A23r + κ
2
2
(− 12κ+(2λ2 + λ3)A23r − 4κ+λ4A13r + vL((A33r +A22r )β1 − 4A34r α2)))
+ 2κ32
(− 16κ+λ2A13r − 8κ+λ3A13r + (A33r +A22r )vLβ3)κ41 − (κ42(− 12κ+(2λ2 + λ3)A23r + 4κ+λ4A13r
+ vL
(
4α2A
34
r +
(
A33r +A
22
r
)
β1
))− 2κ+A23r v2Lα3κ22)κ31 + 2κ52(8κ+λ2A13r + 4κ+λ3A13r
− vL
(
α3A
34
r +
(
A33r +A
22
r
)
β3
))
κ21 + κ
4
2
(
κ+v
2
L
(
α3 + 2ρ1 − ρ3
)
A23r + κ
2
2
(− 4κ+(2λ2 + λ3)A23r
+ 4κ+λ4A
13
r − vL
((
A33r +A
22
r
)
β1 − 4A34r α2
)))
κ1 − 2
(
A33r +A
22
r
)
vLβ3κ
7
2
)]
, (6.17)
(∆m2r,φD)24 =
1
4Λ2κ2−κ3+κ21
[
− v2L
(− 2κ2−vRκ1κ2(2ρ1 − ρ3)A34r + κ3+α3κ21A24r + 4κ2−κ+κ21ρ1A24r
− 2κ3+v2R
(
2ρ1 − ρ3
)
A24r
)
κ2+ − vL
(− 2α3κ31κ32A44r + 2α3κ51κ2A44r + 4v2Rκ1κ32ρ1A44r − 4v2Rκ31κ2ρ1A44r
− 2v2Rκ1κ32ρ3A44r + 2v2Rκ31κ2ρ3A44r + β1κ61A34r − 2β3κ1κ52A34r − β1κ21κ42A34r + 2β3κ51κ2A34r
+ 2κ+vRβ3κ
4
1A
24
r + 2κ+vRβ3κ
4
2A
24
r + 2κ+vRβ1κ1κ
3
2A
24
r + 4κ+vRβ3κ
2
1κ
2
2A
24
r + 2κ+vRβ1κ
3
1κ2A
24
r
+ 2κ+vRκ
4
1ρ1A
23
r − 2κ+vRκ21κ22ρ1A23r + κ+vRκ41ρ3A23r − κ+vRκ21κ22ρ3A23r − 2α3κ31κ32A22r + 2α3κ51κ2A22r
+ 4v2Rκ1κ
3
2ρ1A
22
r − 4v2Rκ31κ2ρ1A22r − 2v2Rκ1κ32ρ3A22r + 2v2Rκ31κ2ρ3A22r − 2α3κ21κ42A12r + 2α3κ41κ22A12r
+ 2α1κ
2
1
(
κ41 − κ42
)
A12r + 4v
2
Rκ
4
1ρ1A
12
r − 4v2Rκ21κ22ρ1A12r − 2v2Rκ41ρ3A12r + 2v2Rκ21κ22ρ3A12r
+ 4κ2−α2κ
2
1
(
2κ1κ2A
12
r +
(
A44r +A
22
r
)
κ21 −
(
A44r +A
22
r
)
κ22
))
κ2+ − κ1
((
4κ+
(
2λ2 + λ3
)
A24r
+ 4κ+λ4A
14
r + vR
(
4α2A
34
r +
(
A44r +A
22
r
)
β1
))
κ71 + 2κ2
(
8κ+λ2A
14
r + 4κ+λ3A
14
r
+ vR
(
α3A
34
r +
(
A44r +A
22
r
)
β3
))
κ61 +
(
κ+v
2
R
(
α3 − 2ρ1 + ρ3
)
A24r + κ
2
2
(− 12κ+(2λ2 + λ3)A24r
− 4κ+λ4A14r + vR
((
A44r +A
22
r
)
β1 − 4A34r α2
)))
κ51 + 2κ
3
2κ
4
1
(− 16κ+λ2A14r − 8κ+λ3A14r
+
(
A44r +A
22
r
)
vRβ3
)− (κ42(− 12κ+(2λ2 + λ3)A24r + 4κ+λ4A14r + vR(4α2A34r + (A44r +A22r )β1))
− 2κ+A24r v2Rα3κ22
)
κ31 + 2κ
5
2
(
8κ+λ2A
14
r + 4κ+λ3A
14
r − vR
(
α3A
34
r +
(
A44r +A
22
r
)
β3
))
κ21
+ κ42
(
κ+v
2
R
(
α3 + 2ρ1 − ρ3
)
A24r + κ
2
2
(− 4κ+(2λ2 + λ3)A24r + 4κ+λ4A14r
− vR
((
A44r +A
22
r
)
β1 − 4A34r α2
)))
κ1 − 2
(
A44r +A
22
r
)
vRβ3κ
7
2
)]
, (6.18)
(∆m2r,φD)33 =
1
2κ+κ1Λ2
[
− vR
(
2κ+κ1ρ1A
34
r vL + κ+κ1ρ3A
34
r vL − 4κ2ρ1A23r v2L + 2κ2ρ3A23r v2L + 4κ1ρ1A13r v2L
− 2κ1ρ3A13r v2L + 2α3κ21κ2A23r + 2α3κ1κ22A13r + 2α1κ2+κ1A13r + 4α2κ1
(
κ21A
23
r − κ22A23r + 2κ1κ2A13r
))
+ vL
(
κ+κ1
(
2ρ1 − ρ3
)
A33r vL − β1κ2+κ1A23r − 2β3κ2+κ2A23r
)− 4κ+κ1ρ1A33r v2R], (6.19)
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(∆m2r,φD)34 =
1
4κ+κ1Λ2
[
− vL
(
2α3κ
2
1κ2A
23
r + 2α3κ1κ
2
2A
13
r + 2α1κ
2
+κ1A
13
r + 4α2κ1
(
κ21A
23
r − κ22A23r + 2κ1κ2A13r
)
+ β1κ
3
1A
24
r + 2β3κ
3
2A
24
r + β1κ1κ
2
2A
24
r + 2β3κ
2
1κ2A
24
r + 2κ+κ1ρ1A
44
r vR + κ+κ1ρ3A
44
r vR + 2κ+κ1ρ1A
33
r vR
+ κ+κ1ρ3A
33
r vR − 4κ2ρ1A23r v2R + 2κ2ρ3A23r v2R + 4κ1ρ1A13r v2R − 2κ1ρ3A13r v2R
)
+ v2L
(− (κ+κ1(2ρ1 + ρ3)A34r + 2(2ρ1 − ρ3)vR(κ1A14r − κ2A24r )))
− vR
(
2α3κ
2
1κ2A
24
r + 2α3κ1κ
2
2A
14
r + 2α1κ
2
+κ1A
14
r + 4α2κ1
(
κ21A
24
r − κ22A24r + 2κ1κ2A14r
)
+ β1κ
3
1A
23
r
+ 2β3κ
3
2A
23
r + β1κ1κ
2
2A
23
r + 2β3κ
2
1κ2A
23
r + 2κ+κ1ρ1A
34
r vR + κ+κ1ρ3A
34
r vR
)]
, (6.20)
(∆m2r,φD)44 =
1
2κ+κ1Λ2
[
− vL
(
2α3κ
2
1κ2A
24
r + 2α3κ1κ
2
2A
14
r + 2α1κ
2
+κ1A
14
r + 4α2κ1
(
κ21A
24
r − κ22A24r + 2κ1κ2A14r
)
+ 2κ+κ1ρ1A
34
r vR + κ+κ1ρ3A
34
r vR − 4κ2ρ1A24r v2R + 2κ2ρ3A24r v2R + 4κ1ρ1A14r v2R − 2κ1ρ3A14r v2R
)
− 4κ+κ1ρ1A44r v2L + vR
(− β1κ2+κ1A24r − 2β3κ2+κ2A24r + κ+κ1(2ρ1 − ρ3)A44r vR)]. (6.21)
CP-odd scalar mass matrix
(∆m2i,φD)11 =
vLvR
κ3+κ1Λ
2
[(
2ρ1 − ρ3
)
vL
(
2κ+vR
(
κ1A
11
i − κ2A12i
)− κ2+κ1A13i )+ κ2+(β1κ+κ1A12i + 2β3κ+κ2A12i
+ κ1
(
2ρ1 − ρ3
)
A14i vR
)]
, (6.22)
(∆m2i,φD)12 =
1
4κ2−κ3+κ21Λ2
[
− v2L
(
α3κ
5
+κ
2
1A
12
i + 2κ1κ
2
+κ
2
−
(
2ρ1 − ρ3
)
vR
(
κ1A
23
i − κ2A13i
)
− 2κ+
(
2ρ1 − ρ3
)
v2R
(
3κ41A
12
i − κ42A12i + 2κ21κ22A12i + 2κ1κ32
(
A22i +A
11
i
)− 2κ31κ2(A22i +A11i )))
+ κ2+vL
(− κ1(κ41 − κ42)A13i (β1κ1 + 2β3κ2)+ 2κ+vR(β1κ1(κ32A12i − 3κ21κ2A12i + κ31(A22i +A11i )
− κ1κ22
(
A22i +A
11
i
))
+ β3
(
κ41A
12
i + κ
4
2A
12
i − 6κ21κ22A12i − 2κ1κ32
(
A22i +A
11
i
)
+ 2κ31κ2
(
A22i +A
11
i
)))
+ 2κ2−κ1
(
2ρ1 − ρ3
)
v2R
(
κ1A
24
i − κ2A14i
))
+ κ1
(
4κ2−κ
5
+κ1
(
2λ2 − λ3
)
A12i − α3κ5+κ1A12i v2R
+ κ2−κ
4
+A
14
i
(
β1κ1 + 2β3κ2
)
vR
)]
, (6.23)
(∆m2i,φD)13 =
vL
4κ3+κ1Λ
2
[(
2ρ1 − ρ3
)
vL
(
κ3+κ1A
13
i − 2κ2+vR
(
κ1
(
A33i +A
11
i
)− κ2A12i )+ 4κ+v2R(κ1A13i − κ2A23i ))
− κ2+
(
β1κ1
(
κ21A
12
i + κ
2
2A
12
i − 2κ+A23i vR
)
+ 2β3κ2
(
κ21A
12
i + κ
2
2A
12
i − 2κ+A23i vR
)
+ κ1
(
2ρ1 − ρ3
)
vR
(
κ+A
14
i − 2A34i vR
))]
, (6.24)
(∆m2i,φD)14 =
vR
4κ3+κ1Λ
2
[
κ2+vL
(
κ+
(
κ1
(
2β1A
24
i − 2ρ1A13i + ρ3A13i
)
+ 4β3κ2A
24
i
)
+ 2
(
2ρ1 − ρ3
)
vR
(
κ1
(
A44i +A
11
i
)
− κ2A12i
))
+ 2
(
2ρ1 − ρ3
)
v2L
(
2κ+vR
(
κ1A
14
i − κ2A24i
)− κ2+κ1A34i )
+ κ2+
(
β1κ
2
+κ1A
12
i + 2β3κ
2
+κ2A
12
i + κ+κ1
(
2ρ1 − ρ3
)
A14i vR
)]
, (6.25)
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(∆m2i,φD)22 =
1
2κ2−κ3+κ21Λ2
[
− v2L
(
α3κ
5
+κ
2
1A
22
i − 2κ1κ2
(
κ41 − κ42
)(
2ρ1 − ρ3
)
A23i vR
− 2κ+
(
2ρ1 − ρ3
)
v2R
(
κ41A
22
i − κ42A22i + 4κ21κ22A22i + 2κ1κ32A12i − 2κ31κ2A12i
))
+ κ2+vL
(− κ1(κ41 − κ42)A23i (β1κ1 + 2β3κ2)+ 2κ+vR(β1κ1(κ32A22i − 3κ21κ2A22i + κ31A12i − κ1κ22A12i )
+ β3
(
κ41A
22
i + κ
4
2A
22
i − 6κ21κ22A22i − 2κ1κ32A12i + 2κ31κ2A12i
))− 2κ2−κ1κ2(2ρ1 − ρ3)A24i v2R)
+ κ1
(
4κ2−κ
5
+κ1
(
2λ2 − λ3
)
A22i − α3κ5+κ1A22i v2R + κ2−κ4+A24i
(
β1κ1 + 2β3κ2
)
vR
)]
, (6.26)
(∆m2i,φD)23 =
v2L
4κ2−κ3+κ21Λ2
[(− κ3+κ21A23i (α3κ2+ − κ2−(2ρ1 − ρ3))− 2κ1κ2+κ2−(2ρ1 − ρ3)vR(κ1A12i
− κ2
(
A33i +A
22
i
))
+ 2κ+
(
2ρ1 − ρ3
)
v2R
(
κ41A
23
i − κ42A23i + 4κ21κ22A23i + 2κ1κ32A13i − 2κ31κ2A13i
))
+ κ2+vL
(− κ1κ2+κ2−(A33i +A22i )(β1κ1 + 2β3κ2)+ κ+vR(2β1κ1(κ32A23i − 3κ21κ2A23i + κ31A13i
− κ1κ22A13i
)
+ 2β3
(
κ41A
23
i + κ
4
2A
23
i − 6κ21κ22A23i − 2κ1κ32A13i + 2κ31κ2A13i
)− κ2−κ21(2ρ1 − ρ3)A24i )
− 2κ2−κ1κ2
(
2ρ1 − ρ3
)
A34i v
2
R
)
+ κ1
(
4κ2−κ
5
+κ1
(
2λ2 − λ3
)
A23i − α3κ5+κ1A23i v2R
+ κ2−κ
4
+A
34
i
(
β1κ1 + 2β3κ2
)
vR
)]
, (6.27)
(∆m2i,φD)24 =
1
4κ2−κ3+κ21Λ2
[
− v2L
(
α3κ
5
+κ
2
1A
24
i − 2κ1κ2κ2+κ2−A34i vR
(
2ρ1 − ρ3
)
− 2κ+
(
2ρ1 − ρ3
)
v2R
(
κ41A
24
i − κ42A24i + 4κ21κ22A24i + 2κ1κ32A14i − 2κ31κ2A14i
))
+ κ2+vL
(− κ1κ2+κ2−A34i (β1κ1 + 2β3κ2)+ κ+vR(2β1κ1(κ32A24i − 3κ21κ2A24i + κ31A14i − κ1κ22A14i )
+ 2β3
(
κ41A
24
i + κ
4
2A
24
i − 6κ21κ22A24i − 2κ1κ32A14i + 2κ31κ2A14i
)− κ2−κ21(2ρ1 − ρ3)A23i )
+ 2κ2−κ1
(
2ρ1 − ρ3
)
v2R
(
κ1A
12
i − κ2
(
A44i +A
22
i
)))− κ1κ2+(− 4κ+κ1κ2+κ2−s(2λ2 − λ3)A24i
+ κ+κ1A
24
i v
2
R
(
α3κ
2
+ − κ2−
(
2ρ1 − ρ3
))− κ2+κ2−(A44i +A22i )(β1κ1 + 2β3κ2)vR)], (6.28)
(∆m2i,φD)33 = −
vL
2κ+κ1Λ2
[
2β3κ
3
2A
23
i + β1κ
2
+κ1A
23
i + 2β3κ
2
1κ2A
23
i +
(
2ρ1 − ρ3
)
vL
(
2vR
(
κ1A
13
i − κ2A23i
)
− κ+κ1A33i
)
+ 2κ+κ1ρ1A
34
i vR − κ+κ1ρ3A34i vR
]
, (6.29)
(∆m2i,φD)34 =
1
4κ+κ1Λ2
[
vL
(− κ2+A24i (β1κ1 + 2β3κ2)− κ+κ1(2ρ1 − ρ3)(A44i +A33i )vR
+ 2
(
2ρ1 − ρ3
)
v2R
(
κ1A
13
i − κ2A23i
))
+
(
2ρ1 − ρ3
)
v2L
(− (2vR(κ1A14i − κ2A24i )− κ+κ1A34i ))
+ vR
(
β1κ
2
+κ1A
23
i + 2β3κ
2
+κ2A
23
i + κ+κ1
(
2ρ1 − ρ3
)
A34i vR
)]
, (6.30)
(∆m2i,φD)44 =
vR
2κ+κ1Λ2
[
2β3κ
3
2A
24
i + β1κ
2
+κ1A
24
i + 2β3κ
2
1κ2A
24
i +
(
2ρ1 − ρ3
)
vL
(
2vR
(
κ1A
14
i − κ2A24i
)
− κ+κ1A34i
)
+ 2κ+κ1ρ1A
44
i vR − κ+κ1ρ3A44i vR
]
. (6.31)
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Singly Charged scalar mass matrix
(∆m2+,φD)11 =
1
4κ3+κ1κ
2−Λ2
[
− κ2+vR
(√
2κ2+κ
2
−
(
α3A
13
+ κ1 +A
14
+
(
β1κ1 + 2β3κ2
))− 2√2A13+ κ2−κ1(2ρ1 − ρ3)v2L (6.32)
+ 2κ+
(
A12+ κ
2
1 −A12+ κ22 + 4A11+ κ1κ2
)(
β1κ1 + 2β3κ2
)
vL
)− 2v2R(α3A11+ κ5+κ1
− (2ρ1 − ρ3)vL(√2A14+ κ2κ2+κ2− + 2κ+(−A12+ κ32 +A12+ κ21κ2 +A11+ κ31 + 3A11+ κ1κ22)vL))
− 2κ1κ2vL
(√
2
(
κ41 − κ42
)(
α3A
14
+ κ1 +A
13
+ β1κ1 + 2A
13
+ β3κ2
)
+ 2α3κ+κ1
(
A12+ κ
2
1 −A12+ κ22 + 2A11+ κ1κ2
)
vL
)]
,
(∆m2+,φD)12 =
1
8κ3+κ1κ
2−Λ2
[
− κ2+vL
(√
2κ2−
(
α3κ1
(
2A24+ κ1κ2 +A
14
+ κ
2
1 −A14+ κ22
)
+ β1κ1
(
2A23+ κ1κ2 +A
13
+ κ
2
1 −A13+ κ22
)
+ 2β3κ2
(
2A23+ κ1κ2 +A
13
+ κ
2
1 −A13+ κ22
))
+ 2κ+vR
(
β1κ1 + 2β3κ2
)(
4A12+ κ1κ2 +
(
A22+ +A
11
+
)
κ2−
)
− 2
√
2κ2−
(
2ρ1 − ρ3
)(
A24+ κ2 +A
14
+ κ1
)
v2R
)− 2v2L(α3κ+κ1(A12+ κ41 +A12+ κ42 + 2A12+ κ21κ22
− 2(A22+ +A11+ )κ1κ32 + 2(A22+ +A11+ )κ31κ2)− (2ρ1 − ρ3)vR(√2κ2+κ2−(A23+ κ1 −A13+ κ2)
+ 2κ+
(
2A12+ κ
3
1 + 2A
12
+ κ1κ
2
2 −
(
A22+ +A
11
+
)
κ32 +
(
A22+ +A
11
+
)
κ21κ2
)
vR
))
− vR
(√
2κ2−κ
4
+
(
α3A
23
+ κ1 +A
24
+
(
β1κ1 + 2β3κ2
))
+ 2α3A
12
+ κ
5
+κ1vR
)]
, (6.33)
(∆m2+,φD)13 =
1
8κ3+κ1κ
2−Λ2
[
− κ3+κ4−
(
α3A
13
+ κ1 +A
14
+
(
β1κ1 + 2β3κ2
))− κ2+vR(√2α3κ1κ2+κ2−(A33+ +A11+ ) (6.34)
+
√
2A34+ κ
2
+κ
2
−
(
β1κ1 + 2β3κ2
)
+ 2κ+vL
(
κ2
(
2β3
(
A23+ κ
2
1 −A23+ κ22 + 4A13+ κ1κ2
)
+A14+ κ
2
−
(
2ρ1 − ρ3
))
+ β1κ1
(
A23+ κ
2
1 −A23+ κ22 + 4A13+ κ1κ2
))− 2√2κ2−(2ρ1 − ρ3)((A33+ +A11+ )κ1 −A12+ κ2)v2L)
− 2v2R
(
α3A
13
+ κ
5
+κ1 −
(
2ρ1 − ρ3
)
vL
(√
2A34+ κ2κ
2
+κ
2
− + 2κ+
(−A23+ κ32 +A23+ κ21κ2 +A13+ κ31 + 3A13+ κ1κ22)vL))
−
√
2κ2+κ
2
−vL
(
2κ2
(
α3A
34
+ κ
2
1 + β3
(
A12+ κ
2
1 −A12+ κ22 + 2
(
A33+ +A
11
+
)
κ1κ2
))
+ β1κ1
(
A12+ κ
2
1 −A12+ κ22
+ 2
(
A33+ +A
11
+
)
κ1κ2
))
+ 2κ+κ1v
2
L
(
A13+
(
κ41 − κ42
)(
2ρ1 − ρ3
)− 2α3κ1κ2(A23+ κ21 −A23+ κ22 + 2A13+ κ1κ2))],
(∆m2+,φD)14 =
1
8κ3+κ1κ
2−Λ2
[
− κ3+κ4−
(
α3A
14
+ κ1 +A
13
+ β1κ1 + 2A
13
+ β3κ2
)
(6.35)
− κ2+vR
(
κ2−
(√
2α3A
34
+ κ
2
+κ1 + 2
√
2A34+ κ1
(
ρ3 − 2ρ1
)
v2L + 2A
13
+ κ+κ2
(
2ρ1 − ρ3
)
vL
)
+ β1κ1
(√
2
(
A44+ +A
11
+
)
κ41 −
√
2
(
A44+ +A
11
+
)
κ42 + 2A
24
+ κ+κ
2
1vL − 2A24+ κ+κ22vL + 8A14+ κ+κ1κ2vL
)
+ 2β3κ2
(√
2
(
A44+ +A
11
+
)
κ41 −
√
2
(
A44+ +A
11
+
)
κ42 + 2A
24
+ κ+κ
2
1vL − 2A24+ κ+κ22vL + 8A14+ κ+κ1κ2vL
))
+ 2v2R
(−A14+ κ3+κ1(α3κ2+ − κ2−(2ρ1 − ρ3))+ 2κ+(2ρ1 − ρ3)(−A24+ κ32 +A24+ κ21κ2 +A14+ κ31 + 3A14+ κ1κ22)v2L
+
√
2κ2+κ
2
−
(
2ρ1 − ρ3
)(
A12+ κ1 +
(
A44+ +A
11
+
)
κ2
)
vL
)
−
√
2κ1κ
2
+κ
2
−vL
(
α3
(
A12+ κ
2
1 −A12+ κ22 + 2
(
A44+ +A
11
+
)
κ1κ2
)
+ 2A34+ κ2
(
β1κ1 + 2β3κ2
))
− 4α3κ+κ21κ2
(
A24+ κ
2
1 −A24+ κ22 + 2A14+ κ1κ2
)
v2L
]
,
(∆m2+,φD)22 = −
vL
4κ3+κ1Λ
2
[√
2
(
κ41 − κ42
)(
α3A
24
+ κ1 +A
23
+ β1κ1 + 2A
23
+ β3κ2
)
+ 2κ2+vR
(
A12+ β1κ+κ1 (6.36)
+ κ2
(
2A12+ β3κ+ +
√
2A23+
(
2ρ1 − ρ3
)
vL
))− 2(2ρ1 − ρ3)v2R(√2A24+ κ2+κ1 + 2κ+(A22+ κ1 +A12+ κ2)vL)
+ 2α3κ1κ+
(
A22+ κ
2
1 −A22+ κ22 + 2A12+ κ1κ2
)
vL
]
,
(6.37)
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(∆m2+,φD)23 =
1
8κ3+κ1Λ
2
[
− κ3+κ2−
(
α3A
23
+ κ1 +A
24
+
(
β1κ1 + 2β3κ2
))− κ2+vR(√2α3A12+ κ2+κ1 (6.38)
+ 2vL
(
κ+
(
κ2
(
2A13+ β3 +A
24
+
(
2ρ1 − ρ3
))
+A13+ β1κ1
)−√2(2ρ1 − ρ3)(A12+ κ1 − (A33+ +A22+ )κ2)vL))
+ 2
(
2ρ1 − ρ3
)
vLv
2
R
(√
2A34+ κ
2
+κ1 + 2κ+
(
A23+ κ1 +A
13
+ κ2
)
vL
)−√2κ2+vL(α3A34+ κ2−κ1
+ β1κ1
(
2A12+ κ1κ2 +
(
A33+ +A
22
+
)
κ21 −
(
A33+ +A
22
+
)
κ22
)
+ 2β3κ2
(
2A12+ κ1κ2 +
(
A33+ +A
22
+
)
κ21 −
(
A33+ +A
22
+
)
κ22
))− 2κ1κ+v2L(α3(A23+ κ21 −A23+ κ22 + 2A13+ κ1κ2)
− A23+ κ2+
(
2ρ1 − ρ3
))]
,
(∆m2+,φD)24 =
1
8κ3+κ1Λ
2
[
− κ3+κ2−
(
α3A
24
+ κ1 +A
23
+ β1κ1 + 2A
23
+ β3κ2
)
(6.39)
− κ2+vR
(
2κ2
(
β3
(√
2A12+ κ
2
1 +
√
2A12+ κ
2
2 + 2A
14
+ κ+vL
)
+
(
2ρ1 − ρ3
)
vL
(
A23+ κ+ +
√
2A34+ vL
))
+ β1κ1
(√
2A12+ κ
2
1 +
√
2A12+ κ
2
2 + 2A
14
+ κ+vL
))
+
(
4ρ1 − 2ρ3
)
v2R
(
A24+ κ
3
+κ1
+
√
2κ2+
(
A12+ κ2 +
(
A44+ +A
22
+
)
κ1
)
vL + 2κ+
(
A24+ κ1 +A
14
+ κ2
)
v2L
)
−
√
2κ2+vL
(
α3κ1
(
2A12+ κ1κ2 +
(
A44+ +A
22
+
)
κ21 −
(
A44+ +A
22
+
)
κ22
)
+A34+ κ
2
−
(
β1κ1 + 2β3κ2
))
− 2α3κ1κ+
(
A24+ κ
2
1 −A24+ κ22 + 2A14+ κ1κ2
)
v2L
]
,
(∆m2+,φD)33 =
1
4κ+κ1Λ2
[
− κ2−κ+
(
α3A
33
+ κ1 +A
34
+
(
β1κ1 + 2β3κ2
))
(6.40)
− vR
(√
2α3A
13
+ κ
2
+κ1 − 2
(
2ρ1 − ρ3
)
vL
(√
2
(
A13+ κ1 −A23+ κ2
)
vL −A34+ κ+κ2
))
−
√
2
(
A23+ κ
2
1 −A23+ κ22 + 2A13+ κ1κ2
)(
β1κ1 + 2β3κ2
)
vL + 2A
33
+ κ+κ1
(
2ρ1 − ρ3
)
v2L
]
,
(∆m2+,φD)34 =
1
8κ+κ1Λ2
[
− κ2−κ+
(
2α3A
34
+ κ1 +
(
A44+ +A
33
+
)
β1κ1 + 2
(
A44+ +A
33
+
)
β3κ2
)− vR(√2α3A14+ κ31
+
√
2α3A
14
+ κ1κ
2
2 +
√
2A13+ β1κ
2
+κ1 + 2
√
2A13+ β3κ
2
+κ2 + 4A
44
+ κ+κ2ρ1vL − 2A44+ κ+κ2ρ3vL
+ 4A33+ κ+κ2ρ1vL − 2A33+ κ+κ2ρ3vL + 4
√
2A24+ κ2ρ1v
2
L − 2
√
2A24+ κ2ρ3v
2
L − 4
√
2A14+ κ1ρ1v
2
L
+ 2
√
2A14+ κ1ρ3v
2
L
)
+ 2
(
2ρ1 − ρ3
)
v2R
(
A34+ κ+κ1 +
√
2
(
A23+ κ1 +A
13
+ κ2
)
vL
)
−
√
2vL
(
α3κ1
(
A23+ κ
2
1 −A23+ κ22 + 2A13+ κ1κ2
)
+
(
A24+ κ
2
1 −A24+ κ22 + 2A14+ κ1κ2
)(
β1κ1 + 2β3κ2
))
+ 2A34+ κ+κ1
(
2ρ1 − ρ3
)
v2L
]
, (6.41)
(∆m2+,φD)44 =
1
4κ+κ1Λ2
[
− κ+κ2−
(
α3A
44
+ κ1 +A
34
+ β1κ1 + 2A
34
+ β3κ2
)− vR(√2A14+ β1κ2+κ1
+ 2κ2
(√
2A14+ β3κ
2
+ +A
34
+ κ+
(
2ρ1 − ρ3
)
vL
))
+ 2
(
2ρ1 − ρ3
)
v2R
(
A44+ κ+κ1 +
√
2
(
A24+ κ1 +A
14
+ κ2
)
vL
)
+
√
2α3κ1
(
A24+
(− κ21)+A24+ κ22 − 2A14+ κ1κ2)vL]. (6.42)
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Doubly charged scalar mass matrix
(∆m2++,φD)11 =
1
2κ21Λ
2
[
A12++
(
κ22
(
ρ3 − 2ρ1
)− 4κ21ρ4)vLvR + κ21(2ρ1 − ρ3)A11++v2L + α3κ21(κ22 − κ21)A11++
− β3κ41A12++ + β3κ42A12++ + β1κ1κ32A12++ − β1κ31κ2A12++ − 4κ21ρ2A11++v2R
]
, (6.43)
(∆m2++,φD)12 = −
1
4κ21Λ
2
[
2κ22ρ1A
22
++vLvR − κ22ρ3A22++vLvR + 4κ21ρ4A22++vLvR + 2κ22ρ1A11++vLvR − κ22ρ3A11++vLvR
+ 4κ21ρ4A
11
++vLvR − 2κ21ρ1A12++v2L + 4κ21ρ2A12++v2L + κ21ρ3A12++v2L + 2α3κ41A12++ − 2α3κ21κ22A12++
+ β1κ
2
−κ1κ2
(
A22++ +A
11
++
)
+ β3
(
κ41 − κ42
)(
A22++ +A
11
++
)− 2κ21ρ1A12++v2R + 4κ21ρ2A12++v2R
+ κ21ρ3A
12
++v
2
R
]
, (6.44)
(∆m2++,φD)22 =
1
2κ21Λ
2
[
− 2κ22ρ1A12++vLvR + κ22ρ3A12++vLvR − 4κ21ρ4A12++vLvR − 4κ21ρ2A22++v2L − α3κ41A22++
+ α3κ
2
1κ
2
2A
22
++ + β1κ1κ2
(
κ22 − κ21
)
A12++ + β3
(
κ42 − κ41
)
A12++ + 2κ
2
1ρ1A
22
++v
2
R − κ21ρ3A22++v2R
]
. (6.45)
Contributions from φ6 operators
CP-even scalar mass matrix
(∆m2r,φ6)11 =
1
4κ2+Λ
2
[
v2L
(
v2R
(
κ21C21LlRr6 + 2κ2κ1C41LlRr6 + κ22(CLlR21r6 + CRrL21l6 )
)
+ 6κ21
(
κ21(C2121Ll6
+ C2211Ll6 ) + 2κ2κ1C2141Ll6 + κ22(C23Ll416 + C2L21l16 + 2(C4141Ll6 + C41L2l16 ))
))
+ 2κ1vLvR
(
v2R
(
κ2CRrL2r16
+ κ1(CRrL4r16 + CRrR4l16 )
)
+ 6
(
κ2κ
2
1C21L2r16 + κ31(C21L4r16 + C21R4l16 ) + κ22κ1(C2L41r36 + C41L41r6
+ C41R2l16 + C41R41l6 ) + κ32C41L2r36
))
+ 2κ1v
3
LvR
(
κ1(CLlL4r16 + CLlR4l16 ) + κ2CLlR2l16
)
+ v4L
(
κ21(C{21}{LlLl}6
+ C21LlLl6 ) + κ22(C{21}{LlLl}6 + CLlL21l6 ) + 2κ2κ1C41LlLl6
)
+ 6κ21v
2
R
(
κ21(C2121Rr6 + C2211Rr6 )
+ 2κ2κ1C2141Rr6 + κ22(C23Rr416 + C2R21r16 + 2(C4141Rr6 + C41R2r16 ))
)
+ v4R
(
κ21(C{21}{RrRr}6 + C21RrRr6 )
+ κ22(C{21}{RrRr}6 + CRrR21r6 ) + 2κ2κ1C41RrRr6
)
+ 15
(
κ61(C{21}{2121}6 + C2121216 ) + κ62(C{21}{2121}6 + C2121216 )
+ κ22κ
4
1(C{21}{2121}6 + 2C4141216 ) + κ42κ21(C{21}{2121}6 + 2C4141216 ) + 2κ2κ51C4121216 + 2κ52κ1C4121216
+ 4κ32κ
3
1(C4141236 + C4141416 )
)]
, (6.46)
(∆m2r,φ6)13 =
1
2κ+Λ2
[
κ1vL
(
3v2R
(
κ2CRrL2r16 + κ1(CRrL4r16 + CRrR4l16 )
)
+ 2
(
κ2κ
2
1C21L2r16
+ κ31(C21L4r16 + C21R4l16 ) + κ22κ1(C2L41r36 + C41L41r6 + C41R2l16 + C41R41l6 ) + κ32C41L2r36
))
+ v2LvR
(
κ21C21LlRr6
+ 2κ2κ1C41LlRr6 + κ22(CLlR21r6 + CRrL21l6 )
)
+ κ1v
3
L
(
κ1(CLlL4r16 + CLlR4l16 ) + κ2CLlR2l16
)
+ vR
(
v2R
(
κ21(C{21}{RrRr}6 + 2C21RrRr6 ) + κ22(C{21}{RrRr}6 + 2CRrR21r6 ) + 4κ2κ1C41RrRr6
)
+ 2κ21
(
κ21(C2121Rr6
+ C2211Rr6 ) + 2κ2κ1C2141Rr6 + κ22(C23Rr416 + C2R21r16 + 2(C4141Rr6 + C41R2r16 ))
))]
, (6.47)
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(∆m2r,φ6)12 =
1
4κ2+Λ
2
[
v2L
(
v2R
(
κ2κ1(−C21LlRr6 + CLlR21r6 + CRrL21l6 ) + κ21C41LlRr6 − κ22C41LlRr6
)
+ 3κ1
(
κ2κ
2
1(−2C2121Ll6
− 2C2211Ll6 + C23Ll416 + C2L21l16 + 2C4141Ll6 + 2C41L2l16 ) + κ31C2141Ll6 − 3κ22κ1C2141Ll6 − κ32(C23Ll416 + C2L21l16
+ 2(C4141Ll6 + C41L2l16 ))
))
+ vLvR
(
v2R
(
κ21CRrL2r16 − κ22CRrL2r16 − 2κ2κ1(CRrL4r16 + CRrR4l16 )
)
+ 3
(
κ41C21L2r16 + 3κ22κ21(C41L2r36 − C21L2r16 ) + 2κ2κ31(−2C21L4r16 − 2C21R4l16 + C2L41r36
+ C41L41r6 + C41R2l16 + C41R41l6 )− 2κ32κ1(C2L41r36 + C41L41r6 + C41R2l16 + C41R41l6 )− κ42C41L2r36
))
+ v3LvR
(− 2κ2κ1(CLlL4r16 + CLlR4l16 ) + κ21CLlR2l16 − κ22CLlR2l16 )+ v4L(κ2κ1(CLlL21l6 − C21LlLl6 )
+ κ21C41LlLl6 − κ22C41LlLl6
)
+ 3κ1v
2
R
(
κ2κ
2
1(−2C2121Rr6 − 2C2211Rr6 + C23Rr416 + C2R21r16 + 2C4141Rr6 + 2C41R2r16 )
+ κ31C2141Rr6 − 3κ22κ1C2141Rr6 − κ32(C23Rr416 + C2R21r16 + 2(C4141Rr6 + C41R2r16 ))
)
+ v4R
(
κ2κ1(CRrR21r6
− C21RrRr6 ) + κ21C41RrRr6 − κ22C41RrRr6
)
+ 5κ2−
(
κ2κ
3
1(−2C{21}{2121}6 − 3C2121216 + 2C4141216 )
+ κ32κ1(−2C{21}{2121}6 − 3C2121216 + 2C4141216 ) + κ41C4121216 + κ42C4121216 + 2κ22κ21(3(C4141236 + C4141416 )
− 2C4121216 )
)]
, (6.48)
(∆m2r,φ6)14 =
1
2κ+Λ2
[
vL
(
v2R
(
κ21C21LlRr6 + 2κ2κ1C41LlRr6 + κ22(CLlR21r6 + CRrL21l6 )
)
+ 2κ21
(
κ21(C2121Ll6
+ C2211Ll6 ) + 2κ2κ1C2141Ll6 + κ22(C23Ll416 + C2L21l16 + 2(C4141Ll6 + C41L2l16 ))
))
+ 3κ1v
2
LvR
(
κ1(CLlL4r16
+ CLlR4l16 ) + κ2CLlR2l16
)
+ 2v3L
(
κ21(C{21}{LlLl}6 + C21LlLl6 ) + κ22(C{21}{LlLl}6 + CLlL21l6 ) + 2κ2κ1C41LlLl6
)
+ κ1vR
(
v2R
(
κ2CRrL2r16 + κ1(CRrL4r16 + CRrR4l16 )
)
+ 2
(
κ2κ
2
1C21L2r16 + κ31(C21L4r16 + C21R4l16 )
+ κ22κ1(C2L41r36 + C41L41r6 + C41R2l16 + C41R41l6 ) + κ32C41L2r36
))]
,
(∆m2r,φ6)22 =
1
4κ2+Λ
2
[
v2L
(
v2R
(
κ22C21LlRr6 − 2κ2κ1C41LlRr6 + κ21(CLlR21r6 + CRrL21l6 )
)
+ 2κ22κ
2
1(3C2121Ll6 + 3C2211Ll6
− 2(C23Ll416 + C2L21l16 + 2(C4141Ll6 + C41L2l16 )))− 6κ2κ31C2141Ll6 + 6κ32κ1C2141Ll6 + κ41(C23Ll416 + C2L21l16
+ 2(C4141Ll6 + C41L2l16 )) + κ42(C23Ll416 + C2L21l16 + 2(C4141Ll6 + C41L2l16 ))
)
+ 2vLvR
(− κ1(κ2CRrL2r16 v2R
+ 3κ32(C41L2r36 − C21L2r16 )
)
+ κ22
(
v2R(CRrL4r16 + CRrR4l16 ) + κ22(C2L41r36 + C41L41r6 + C41R2l16
+ C41R41l6 )
)
+ 3κ2κ
3
1(C41L2r36 − C21L2r16 ) + 2κ22κ21(3C21L4r16 + 3C21R4l16 − 2(C2L41r36 + C41L41r6 + C41R2l16
+ C41R41l6 )) + κ41(C2L41r36 + C41L41r6 + C41R2l16 + C41R41l6 )
)
+ 2κ2v
3
LvR
(
κ2(CLlL4r16 + CLlR4l16 )− κ1CLlR2l16
)
+ v4L
(
κ22(C{21}{LlLl}6 + C21LlLl6 ) + κ21(C{21}{LlLl}6 + CLlL21l6 )− 2κ2κ1C41LlLl6
)
+ v2R
(
2κ22κ
2
1(3C2121Rr6
+ 3C2211Rr6 − 2(C23Rr416 + C2R21r16 + 2(C4141Rr6 + C41R2r16 )))− 6κ2κ31C2141Rr6 + 6κ32κ1C2141Rr6 + κ41(C23Rr416
+ C2R21r16 + 2(C4141Rr6 + C41R2r16 )) + κ42(C23Rr416 + C2R21r16 + 2(C4141Rr6 + C41R2r16 ))
)
+ v4R
(
κ22(C{21}{RrRr}6
+ C21RrRr6 ) + κ21(C{21}{RrRr}6 + CRrR21r6 )− 2κ2κ1C41RrRr6
)
+ κ61C{21}{2121}6 + 13κ22κ41C{21}{2121}6
+ 13κ42κ
2
1C{21}{2121}6 + κ62C{21}{2121}6 + 15κ22κ41C2121216 + 15κ42κ21C2121216 − 10κ2κ51C4121216 + 40κ32κ31C4121216
− 10κ52κ1C4121216 + 2κ61C4141216 − 4κ22κ41C4141216 − 4κ42κ21C4141216 + 2κ62C4141216 + 12κ2κ51C4141236
− 36κ32κ31C4141236 + 12κ52κ1C4141236 + 12κ2κ51C4141416 − 36κ32κ31C4141416 + 12κ52κ1C4141416
]
, (6.49)
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(∆m2r,φ6)23 =
1
4κ+Λ2
[
vL
(
3v2R
(
κ21CRrL2r16 − κ22CRrL2r16 − 2κ2κ1(CRrL4r16 + CRrR4l16 )
)
+ κ41C21L2r16
+ 3κ22κ
2
1(C41L2r36 − C21L2r16 ) + 2κ2κ31(−2C21L4r16 − 2C21R4l16 + C2L41r36 + C41L41r6 + C41R2l16 + C41R41l6 )
− 2κ32κ1(C2L41r36 + C41L41r6 + C41R2l16 + C41R41l6 )− κ42C41L2r36
)
+ 2v2LvR
(
κ2κ1(−C21LlRr6 + CLlR21r6
+ CRrL21l6 ) + κ21C41LlRr6 − κ22C41LlRr6
)
+ v3L
(− 2κ2κ1(CLlL4r16 + CLlR4l16 ) + κ21CLlR2l16 − κ22CLlR2l16 )
− 2vR
(
κ1
(
κ2κ
2
1(2C2121Rr6 + 2C2211Rr6 − C23Rr416 − C2R21r16 − 2C4141Rr6 − 2C41R2r16 ) + κ31(−C2141Rr6 )
+ 3κ22κ1C2141Rr6 + κ32(C23Rr416 + C2R21r16 + 2(C4141Rr6 + C41R2r16 ))
)− 2v2R(κ2κ1(CRrR21r6
− C21RrRr6 ) + κ21C41RrRr6 − κ22C41RrRr6
))]
, (6.50)
(∆m2r,φ6)24 =
1
4κ+Λ2
[
2vL
(
v2R
(
κ2κ1(−C21LlRr6 + CLlR21r6 + CRrL21l6 ) + κ21C41LlRr6 − κ22C41LlRr6
)
+ κ1
(
κ2κ
2
1(−2C2121Ll6
− 2C2211Ll6 + C23Ll416 + C2L21l16 + 2C4141Ll6 + 2C41L2l16 ) + κ31C2141Ll6 − 3κ22κ1C2141Ll6 − κ32(C23Ll416
+ C2L21l16 + 2(C4141Ll6 + C41L2l16 ))
))
+ 3v2LvR
(− 2κ2κ1(CLlL4r16 + CLlR4l16 ) + κ21CLlR2l16 − κ22CLlR2l16 )
+ 4v3L
(
κ2κ1(CLlL21l6 − C21LlLl6 ) + κ21C41LlLl6 − κ22C41LlLl6
)
+ vR
(
v2R
(
κ21CRrL2r16 − κ22CRrL2r16
− 2κ2κ1(CRrL4r16 + CRrR4l16 )
)
+ κ41C21L2r16 + 3κ22κ21(C41L2r36 − C21L2r16 ) + 2κ2κ31(−2C21L4r16
− 2C21R4l16 + C2L41r36 + C41L41r6 + C41R2l16 + C41R41l6 )− 2κ32κ1(C2L41r36 + C41L41r6 + C41R2l16 + C41R41l6 )
− κ42C41L2r36
)]
, (6.51)
(∆m2r,φ6)33 =
1
4Λ2
[
v2L
(
6CRrRrLl6 v2R + κ21C21LlRr6 + 2κ1κ2C41LlRr6 + κ22(CLlR21r6 + CRrL21l6 )
)
+ 6κ1vLvR
(
κ2CRrL2r16
+ κ1(CRrL4r16 + CRrR4l16 )
)
+ CLlLlRr6 v4L + v2R
(
κ21(C{21}{RrRr}6 + 6C21RrRr6 ) + κ22(C{21}{RrRr}6 + 6CRrR21r6 )
+ 12κ2κ1C41RrRr6
)
+ 15CRrRrRr6 v4R + κ21
(
κ21(C2121Rr6 + C2211Rr6 ) + 2κ2κ1C2141Rr6 + κ22(C23Rr416
+ C2R21r16 + 2(C4141Rr6 + C41R2r16 ))
)]
, (6.52)
(∆m2r,φ6)34 =
1
4Λ2
[
2vLvR
(
2CRrRrLl6 v2R + κ21C21LlRr6 + 2κ1κ2C41LlRr6 + κ22(CLlR21r6 + CRrL21l6 )
)
+ 4CLlLlRr6 v3LvR
+ 3κ1v
2
L
(
κ1(CLlL4r16 + CLlR4l16 ) + κ2CLlR2l16
)
+ κ1
(
3v2R
(
κ2CRrL2r16 + κ1(CRrL4r16 + CRrR4l16 )
)
(6.53)
+ κ2κ
2
1C21L2r16 + κ31(C21L4r16 + C21R4l16 ) + κ22κ1(C2L41r36 + C41L41r6 + C41R2l16 + C41R41l6 ) + κ32C41L2r36
)]
,
(∆m2r,φ6)44 =
1
4Λ2
[
6v2L
(CLlLlRr6 v2R + κ21(C{21}{LlLl}6 + C21LlLl6 ) + κ22(C{21}{LlLl}6 + CLlL21l6 ) + 2κ1κ2C41LlLl6 )
+ 6κ1vLvR
(
κ1(CLlL4r16 + CLlR4l16 ) + κ2CLlR2l16
)
+ 15CLlLlLl6 v4L + v2R
(
κ21C21LlRr6 + 2κ2κ1C41LlRr6
+ κ22(CLlR21r6 + CRrL21l6 )
)
+ CRrRrLl6 v4R + κ21
(
κ21(C2121Ll6 + C2211Ll6 ) + 2κ2κ1C2141Ll6 + κ22(C23Ll416
+ C2L21l16 + 2(C4141Ll6 + C41L2l16 ))
)]
. (6.54)
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CP-odd scalar mass matrix
(∆m2i,φ6)11 =
1
4κ2+Λ
2
[
v2L
(
v2R
(
κ21C21LlRr6 + 2κ2κ1C41LlRr6 + κ22(CLlR21r6 + CRrL21l6 )
)
+ 2κ21
(
κ21(C2121Ll6
+ C2211Ll6 ) + 2κ2κ1C2141Ll6 + κ22(C23Ll416 + C2L21l16 + 2C4141Ll6 )
))− 2κ1vLvR(v2R(κ2CRrL2r16
+ κ1(CRrL4r16 + CRrR4l16 )
)− 2κ1κ22(C2L41r36 + C41L41r6 + C41R41l6 ))− 2κ1v3LvR(κ1(CLlL4r16 + CLlR4l16 )
+ κ2CLlR2l16
)
+ v4L
(
κ21(C{21}{LlLl}6 + C21LlLl6 ) + κ22(C{21}{LlLl}6 + CLlL21l6 ) + 2κ2κ1C41LlLl6
)
+ 2κ21v
2
R
(
κ21(C2121Rr6 + C2211Rr6 ) + 2κ2κ1C2141Rr6 + κ22(C23Rr416 + C2R21r16 + 2C4141Rr6 )
)
+ v4R
(
κ21(C{21}{RrRr}6 + C21RrRr6 ) + κ22(C{21}{RrRr}6 + CRrR21r6 ) + 2κ2κ1C41RrRr6
)
+ 3
(
2κ2κ
5
1C4121216
+ κ61(C{21}{2121}6 + C2121216 ) + κ62(C{21}{2121}6 + C2121216 ) + κ22κ41(C{21}{2121}6 + 2C4141216 )
+ κ42κ
2
1(C{21}{2121}6 + 2C4141216 ) + 2κ52κ1C4121216 + 4κ32κ31(C4141236 + C4141416 )
)]
, (6.55)
(∆m2i,φ6)12 =
1
4κ2+Λ
2
[
v2L
(
v2R
(
κ2κ1(−C21LlRr6 + CLlR21r6 + CRrL21l6 ) + κ21C41LlRr6 − κ22C41LlRr6
)
+ κ1
(
κ2κ
2
1(−2C2121Ll6 − 2C2211Ll6 + C23Ll416 + C2L21l16 + 2C4141Ll6 + 2C41L2l16 ) + κ31C2141Ll6
− 3κ22κ1C2141Ll6 − κ32(C23Ll416 + C2L21l16 + 2C4141Ll6 − 2C41L2l16 )
))
+ vLvR
(
v2R
(− κ21CRrL2r16
+ κ22CRrL2r16 + 2κ2κ1(CRrL4r16 + CRrR4l16 )
)− κ41C21L2r16 + κ22κ21(C41L2r36 − C21L2r16 ) + κ42C41L2r36
+ 2κ2κ
3
1(C2L41r36 + C41L41r6 + C41R2l16 + C41R41l6 )− 2κ32κ1(C2L41r36 + C41L41r6 − C41R2l16 + C41R41l6 )
)
+ v3LvR
(
2κ2κ1(CLlL4r16 + CLlR4l16 )− κ21CLlR2l16 + κ22CLlR2l16
)
+ v4L
(
κ2κ1(CLlL21l6 − C21LlLl6 )
+ κ21C41LlLl6 − κ22C41LlLl6
)
+ κ1v
2
R
(
κ2κ
2
1(−2C2121Rr6 − 2C2211Rr6 + C23Rr416 + C2R21r16 + 2C4141Rr6
+ 2C41R2r16 ) + κ31C2141Rr6 − 3κ22κ1C2141Rr6 − κ32(C23Rr416 + C2R21r16 + 2C4141Rr6 − 2C41R2r16 )
)
+ v4R
(
κ2κ1(CRrR21r6 − C21RrRr6 ) + κ21C41RrRr6 − κ22C41RrRr6
)
+ κ2−
(
κ2κ
3
1(−2C{21}{2121}6 − 3C2121216
+ 2C4141216 ) + κ32κ1(−2C{21}{2121}6 − 3C2121216 + 2C4141216 ) + κ41C4121216 + κ42C4121216
+ 2κ22κ
2
1(3(C4141236 + C4141416 )− 2C4121216 )
)]
, (6.56)
(∆m2i,φ6)13 = −
κ1vL
2κ+Λ2
[
v2L
(
κ1(CLlL4r16 − CLlR4l16 )− κ2CLlR2l16
)
+ v2R
(
κ2CRrL2r16 + κ1(CRrL4r16 − CRrR4l16 )
)
+ κ2κ
2
1C21L2r16 + κ31C21L4r16 − κ31C21R4l16 + κ32C41L2r36 − κ22κ1C41R2l16
]
, (6.57)
(∆m2i,φ6)14 =
κ1vR
2κ+Λ2
[
v2L
(
κ1(CLlL4r16 − CLlR4l16 )− κ2CLlR2l16
)
+ v2R
(
κ2CRrL2r16 + κ1(CRrL4r16 − CRrR4l16 )
)
+ κ2κ
2
1C21L2r16 + κ31C21L4r16 − κ31C21R4l16 + κ32C41L2r36 − κ22κ1C41R2l16
]
, (6.58)
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(∆m2i,φ6)22 =
1
4κ2+Λ
2
[
v2L
(
v2R
(
κ22C21LlRr6 − 2κ2κ1C41LlRr6 + κ21(CLlR21r6 + CRrL21l6 )
)
+ 2κ22κ
2
1(C2121Ll6
+ C2211Ll6 − 4C4141Ll6 )− 2κ2κ31C2141Ll6 + 2κ32κ1C2141Ll6 + κ41(C23Ll416 + C2L21l16 − 2C4141Ll6 + 2C41L2l16 )
+ κ42(C23Ll416 + C2L21l16 − 2(C4141Ll6 + C41L2l16 ))
)
+ 2vLvR
(
κ1
(
κ2CRrL2r16 v2R + κ32(C21L2r16 + C41L2r36 )
)
+ κ22
(
κ22(C2L41r36 − C41L41r6 − C41R2l16 − C41R41l6 )− v2R(CRrL4r16 + CRrR4l16 )
)
+ κ2κ
3
1(C21L2r16
+ C41L2r36 ) + κ41(C2L41r36 − C41L41r6 + C41R2l16 − C41R41l6 )− 4κ22κ21(C41L41r6 + C41R41l6 )
)
+ CLlR4l16 )− κ1CLlR2l16
)
+ v4L
(
κ22(C{21}{LlLl}6 + C21LlLl6 ) + κ21(C{21}{LlLl}6 + CLlL21l6 )− 2κ2κ1C41LlLl6
)
+ v2R
(
2κ22κ
2
1(C2121Rr6 + C2211Rr6 − 4C4141Rr6 )− 2κ2κ31C2141Rr6 + 2κ32κ1C2141Rr6 + κ41(C23Rr416 + C2R21r16
− 2C4141Rr6 + 2C41R2r16 ) + κ42(C23Rr416 + C2R21r16 − 2(C4141Rr6 + C41R2r16 ))
)
+ v4R
(
κ22(C{21}{RrRr}6 + C21RrRr6 )
+ κ21(C{21}{RrRr}6 + CRrR21r6 )− 2κ2κ1C41RrRr6
)
+ κ61C{21}{2121}6 + 5κ22κ41C{21}{2121}6 + 5κ42κ21C{21}{2121}6
+ κ62C{21}{2121}6 + 3κ22κ41C2121216 + 3κ42κ21C2121216 − 2κ2κ51C4121216 + 8κ32κ31C4121216 − 2κ52κ1C4121216
− 2κ61C4141216 − 8κ22κ41C4141216 − 8κ42κ21C4141216 − 2κ62C4141216 + 4κ2κ51C4141236 − 4κ32κ31C4141236
+ 4κ52κ1C4141236 − 12κ2κ51C4141416 − 36κ32κ31C4141416 − 12κ52κ1C4141416
]
, (6.59)
(∆m2i,φ6)23 =
vL
4κ+Λ2
[
v2L
(
2κ2κ1(CLlL4r16 − CLlR4l16 ) + κ21CLlR2l16 − κ22CLlR2l16
)
+ v2R
(− κ21CRrL2r16 + κ22CRrL2r16
+ 2κ2κ1(CRrL4r16 − CRrR4l16 )
)− κ41C21L2r16 + κ22κ21C21L2r16 + 2κ2κ31C21L4r16 − 2κ2κ31C21R4l16 − κ22κ21C41L2r36
+ κ42C41L2r36 + 2κ2κ31C41L41r6 + 2κ32κ1C41L41r6 − 2κ32κ1C41R2l16 − 2κ2κ31C41R41l6 − 2κ32κ1C41R41l6
]
, (6.60)
(∆m2i,φ6)24 =
vR
4κ+Λ2
[
v2L
(
2κ2κ1(CLlR4l16 − CLlL4r16 )− κ21CLlR2l16 + κ22CLlR2l16
)
+ v2R
(
κ21CRrL2r16 − κ22CRrL2r16
+ 2κ2κ1(CRrR4l16 − CRrL4r16 )
)
+ κ41C21L2r16 − κ22κ21C21L2r16 − 2κ2κ31C21L4r16 + 2κ2κ31C21R4l16 + κ22κ21C41L2r36
− κ42C41L2r36 − 2κ2κ31C41L41r6 − 2κ32κ1C41L41r6 + 2κ32κ1C41R2l16 + 2κ2κ31C41R41l6 + 2κ32κ1C41R41l6
]
, (6.61)
(∆m2i,φ6)33 =
1
4Λ2
[
v2L
(
2CRrRrLl6 v2R + κ21C21LlRr6 + 2κ1κ2C41LlRr6 + κ22(CLlR21r6 + CRrL21l6 )
)
+ 2κ1vLvR
(
κ2CRrL2r16
+ κ1(CRrL4r16 + CRrR4l16 )
)
+ CLlLlRr6 v4L + v2R
(
κ21(−(C{21}{RrRr}6 − 2C21RrRr6 ))− κ22(C{21}{RrRr}6 − 2CRrR21r6 )
+ 4κ2κ1C41RrRr6
)
+ 3CRrRrRr6 v4R + κ21
(
κ21(C2121Rr6 + C2211Rr6 ) + 2κ2κ1C2141Rr6 + κ22(C23Rr416
+ C2R21r16 + 2(C4141Rr6 + C41R2r16 ))
)]
, (6.62)
(∆m2i,φ6)34 =
κ1
4Λ2
[
v2L
(
κ1(CLlL4r16 + CLlR4l16 ) + κ2CLlR2l16
)
+ v2R
(
κ2CRrL2r16 + κ1(CRrL4r16 + CRrR4l16 )
)
(6.63)
+ κ2κ
2
1C21L2r16 + κ31(C21L4r16 + C21R4l16 ) + κ32C41L2r36 + κ22κ1(C2L41r36 + C41L41r6 + C41R2l16 + C41R41l6 )
]
,
(∆m2i,φ6)44 =
1
4Λ2
[
2v2L
(CLlLlRr6 v2R + κ21(C{21}{LlLl}6 + C21LlLl6 ) + κ22(C{21}{LlLl}6 + CLlL21l6 ) + 2κ1κ2C41LlLl6 )
+ 2κ1vLvR
(
κ1(CLlL4r16 + CLlR4l16 ) + κ2CLlR2l16
)
+ 3CLlLlLl6 v4L + v2R
(
κ21C21LlRr6 + 2κ2κ1C41LlRr6
+ κ22(CLlR21r6 + CRrL21l6 )
)
+ CRrRrLl6 v4R + κ21
(
κ21(C2121Ll6 + C2211Ll6 ) + 2κ2κ1C2141Ll6
+ κ22(C23Ll416 + C2L21l16 + 2(C4141Ll6 + C41L2l16 ))
)]
. (6.64)
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Singly Charged scalar mass matrix
(∆m2+,φ6)11 =
1
4κ2+Λ
2
[
v2L
(
v2R
(
κ22C21LlRr6 − 2κ2κ1C41LlRr6 + κ21(CLlR21r6 + CRrL21l6 )
)
+ κ42(C2121Ll6
+ C2211Ll6 ) + κ22κ21(4C2121Ll6 + C2211Ll6 − 2C23Ll416 + C2L21l16 − 4C4141Ll6 − 2C41L2l16 ) + κ41(C2121Ll6
+ C2L21l16 ) + 2κ2κ31(C2211Ll6 − C2141Ll6 ) + 2κ32κ1(C2141Ll6 + C2211Ll6 )
)
+ 2κ1vLvR
(
κ2κ
2
1C21L2r16
+ κ32(2C21L2r16 − C41L2r36 ) + κ31(C21L4r16 + C21R4l16 ) + κ22κ1(2C21L4r16 + 2C21R4l16 − 2C2L41r36 + C41l2r16
− 2C41L41r6 − C41R2l16 − 2C41R41l6 )
)
+ v4L
(
κ22(C{21}{LlLl}6 + C21LlLl6 ) + κ21(C{21}{LlLl}6 + CLlL21l6 )
− 2κ2κ1C41LlLl6
)
+ v2R
(
κ42(C2121Rr6 + C2211Rr6 ) + κ22κ21(4C2121Rr6 + C2211Rr6 − 2C23Rr416 + C2R21r16
− 4C4141Rr6 − 2C41R2r16 ) + κ41(C2121Rr6 + C2R21r16 ) + 2κ2κ31(C2211Rr6 − C2141Rr6 ) + 2κ32κ1(C2141Rr6
+ C2211Rr6 )
)
+ v4R
(
κ22(C{21}{RrRr}6 + C21RrRr6 ) + κ21(C{21}{RrRr}6 + CRrR21r6 )− 2κ2κ1C41RrRr6
)
+ 3κ61C{21}{2121}6 + 11κ22κ41C{21}{2121}6 + 11κ42κ21C{21}{2121}6 + 3κ62C{21}{2121}6 + 3κ61C2121216
+ 12κ22κ
4
1C2121216 + 12κ42κ21C2121216 + 3κ62C2121216 + 2κ2κ51C4121216 + 16κ32κ31C4121216 + 2κ52κ1C4121216
− 2κ22κ41C4141216 − 2κ42κ21C4141216 − 12κ32κ31C4141236 − 12κ32κ31C4141416
]
, (6.65)
(∆m2+,φ6)12 =
1
4κ2+Λ
2
[
v2L
(
κ1
(
κ2κ
2
1(2C2121Ll6 + C2211Ll6 − C23Ll416 − C2L21l16 − 2C4141Ll6 − C41L2l16 ) + κ31C2211Ll6
− C2141Ll6 + κ22κ1(3C2141Ll6 + C2211Ll6 ) + κ32(C2211Ll6 + C23Ll416 − C2L21l16 + 2C4141Ll6 + C41L2l16 )
)
− v2R
(
κ2κ1(−C21LlRr6 + CLlR21r6 + CRrL21l6 ) + κ21C41LlRr6 − κ22C41LlRr6
))
+ κ2−κ2vLvR
(
κ2(C21L2r16 − C41L2r36 ) + κ1(C21L4r16 + C21R4l16 − 2C2L41r36 + C41l2r16
− 2C41L41r6 − C41R2l16 − 2C41R41l6 )
)
+ v4L
(
κ2κ1(C21LlLl6 − CLlL21l6 ) + κ21(−C41LlLl6 ) + κ22C41LlLl6
)
+ κ1v
2
R
(
κ2κ
2
1(2C2121Rr6 + C2211Rr6 − C23Rr416 − C2R21r16 − 2C4141Rr6 − C41R2r16 ) + κ31(C2211Rr6 − C2141Rr6 )
+ κ22κ1(3C2141Rr6 + C2211Rr6 ) + κ32(C2211Rr6 + C23Rr416 − C2R21r16 + 2C4141Rr6 + C41R2r16 )
)
+ v4R
(
κ2κ1(C21RrRr6 − CRrR21r6 ) + κ21(−C41RrRr6 ) + κ22C41RrRr6
)
− κ2−
(
κ2κ
3
1(−2C{21}{2121}6 − 3C2121216 + 2C4141216 ) + κ32κ1(−2C{21}{2121}6 − 3C2121216 + 2C4141216 )
+ κ41C4121216 + κ42C4121216 + 2κ22κ21(3(C4141236 + C4141416 )− 2C4121216 )
)]
, (6.66)
(∆m2+,φ6)13 = −
1
8
√
2κ+Λ2
[
2vL
(
v2R
(
κ2κ1(CR4Rlr16 + CRrL2r16 + 2CRrL4r16 ) + κ22CRrL2r16 + κ21(−CRrL2r16 + CRrL4r16
+ 2CRrR4l16 )
)
+ κ42C21L2r16 + κ41(−C21L2r16 + 2C21R4l16 ) + 2κ22κ21(C21L2r16 + C21R4l16 − C41L2r36 )
+ κ2κ
3
1(3C21L4r16 − C41l2r16 ) + κ32κ1(C21L4r16 + C41l2r16 )
)
+ κ2+v
2
LvR(C21LlRr6 − 2CLlR21r6 )
+ 2κ1v
3
L
(
κ1CLlR4l16 − κ2(CL4Lrl16 − 2CLlL4r16 + CLlR2l16 )
)
+ 2vR
(
κ2+v
2
R(C21RrRr6 − CRrR21r6 )
+ κ42(C2121Rr6 + C2211Rr6 ) + κ41(C2121Rr6 + C2211Rr6 − C2R21r16 ) + κ22κ21(2C2121Rr6 − C2R21r16 )
+ κ32κ1(2C2141Rr6 + C2211Rr6 + 2C2R21r16 + C41R2r16 ) + κ2κ31(2C2141Rr6 + C2211Rr6 − C41R2r16 )
)]
, (6.67)
(∆m2+,φ6)14 = −
1
8
√
2κ+Λ2
[
vL
(
κ2+v
2
R(C21LlRr6 − 2CRrL21l6 ) + 2
(
κ42(C2121Ll6 + C2211Ll6 ) + κ41(C2121Ll6 + C2211Ll6
− C2L21l16 ) + κ22κ21(2C2121Ll6 − C2L21l16 ) + κ32κ1(2C2141Ll6 + C2211Ll6 + 2C2L21l16 + C41L2l16 )
+ κ2κ
3
1(2C2141Ll6 + C2211Ll6 − C41L2l16 )
))
+ 2v2LvR
(
κ2κ1(CL4Lrl16 + CLlR2l16 + 2CLlR4l16 )
+ κ21(2CLlL4r16 − CLlR2l16 + CLlR4l16 ) + κ22CLlR2l16
)
+ 2κ2+v
3
L(C21LlLl6 − CLlL21l6 )
+ 2κ1vR
(
v2R
(
κ1CRrL4r16 − κ2(CR4Rlr16 + CRrL2r16 − 2CRrR4l16 )
)
+ κ32(2C21L2r16 + C21R4l16
− 2C41L2r36 + C41R2l16 ) + 2κ31C21L4r16 + 2κ22κ1C21L4r16 + κ2κ21(3C21R4l16 − C41R2l16 )
)]
, (6.68)
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(∆m2+,φ6)22 =
1
4κ2+Λ
2
[
v2L
(
v2R
(
κ21C21LlRr6 + 2κ2κ1C41LlRr6 + κ22(CLlR21r6 + CRrL21l6 )
)
+ κ41(2C2121Ll6 (6.69)
+ C2211Ll6 ) + 4κ2κ31C2141Ll6 + κ22κ21(C2211Ll6 + 2C23Ll416 + C2L21l16 + 4C4141Ll6 + 2C41L2l16 ) + κ42C2L21l16
)
+ 2κ1vLvR
(
κ2κ
2
1C21L2r16 + κ31(C21L4r16 + C21R4l16 ) + κ22κ1(2C2L41r36 − C41l2r16 + 2C41L41r6 + C41R2l16
+ 2C41R41l6 ) + κ32C41L2r36
)
+ v4L
(
κ21(C{21}{LlLl}6 + C21LlLl6 ) + κ22(C{21}{LlLl}6 + CLlL21l6 ) + 2κ2κ1C41LlLl6
)
+ v2R
(
κ41(2C2121Rr6 + C2211Rr6 ) + 4κ2κ31C2141Rr6 + κ22κ21(C2211Rr6 + 2C23Rr416 + C2R21r16 + 4C4141Rr6
+ 2C41R2r16 ) + κ42C2R21r16
)
+ v4R
(
κ21(C{21}{RrRr}6 + C21RrRr6 ) + κ22(C{21}{RrRr}6 + CRrR21r6 ) + 2κ2κ1C41RrRr6
)
+ 3
(
κ61(C{21}{2121}6 + C2121216 ) + κ62(C{21}{2121}6 + C2121216 ) + κ22κ41(C{21}{2121}6 + 2C4141216 )
+ κ42κ
2
1(C{21}{2121}6 + 2C4141216 ) + 2κ2κ51C4121216 + 2κ52κ1C4121216 + 4κ32κ31(C4141236 + C4141416 )
)]
,
(∆m2+,φ6)23 =
1
4
√
2κ+Λ2
[
vL
(
v2R
(
κ21(−(CR4Rlr16 + 2CRrL4r16 )) + κ22CRrL2r16 + κ2κ1(−2CRrL2r16 + CRrL4r16 + 2CRrR4l16 )
)
+ κ1
(
κ2κ
2
1(−2C21L2r16 + C21R4l16 + C41R2l16 )− 2κ31C21L4r16 + κ32(C21R4l16 − 2C41L2r36 + C41R2l16 )
− 2κ22κ1C41l2r16
))
+ κ1v
3
L
(
κ1(CL4Lrl16 − 2CLlL4r16 + CLlR2l16 ) + κ2CLlR4l16
)
+
(
κ1 − κ2
)
κ2vR
(
κ2κ1(C2211Rr6 − C2R21r16 − C41R2r16 ) + κ21(C2211Rr6 + C41R2r16 )− κ22C2R21r16
)]
, (6.70)
(∆m2+,φ6)24 =
1
4
√
2κ+Λ2
[
v2LvR
(
κ21(−(CL4Lrl16 + 2CLlR4l16 )) + κ2κ1(2CLlL4r16 − 2CLlR2l16 + CLlR4l16 ) + κ22CLlR2l16
)
+
(
κ1 − κ2
)
κ2vL
(
κ2κ1(C2211Ll6 − C2L21l16 − C41L2l16 ) + κ21(C2211Ll6 + C41L2l16 )− κ22C2L21l16
)
+ vR
(
κ1v
2
R
(
κ1(CR4Rlr16 + CRrL2r16 − 2CRrR4l16 ) + κ2CRrL4r16
)
+ κ42C21L2r16 + κ41(C21L2r16 − 2C21R4l16 )
+ κ2κ
3
1(C21L4r16 + C41l2r16 ) + κ32κ1(C21L4r16 + C41l2r16 ) + 2κ22κ21(C41L2r36 − C41R2l16 )
)]
, (6.71)
(∆m2+,φ6)33 =
1
8Λ2
[
v2L
(
3CRrRrLl6 v2R + κ21(C21LlRr6 + CLlR21r6 − 2CLR4lr16 ) + 2κ1κ2C41LlRr6 + κ22(CLR21rl6 + CRrL21l6 )
)
+ 2vLvR
(
κ2κ1(CR4Rlr16 + CRrL2r16 + CRrL4r16 ) + κ21(−CR4Rlr16 + CRrL4r16 + 2CRrR4l16 ) + κ22CRrL2r16
)
+ CLlLlRr6 v4L + v2R
(
κ21(3C21RrRr6 + CRrR21r6 ) + κ22(C21RrRr6 + 3CRrR21r6 ) + 8κ2κ1C41RrRr6
)
+ 6CRrRrRr6 v4R + κ41C2121Rr6 + κ42C2121Rr6 + 2κ1κ32C2141Rr6 + 2κ31κ2C2141Rr6 + κ41C2211Rr6 + κ42C2211Rr6
+ 2κ21κ
2
2C23Rr416 + κ41C2R21r16 + κ42C2R21r16 + 4κ21κ22C4141Rr6 + 2κ1κ32C41R2r16 + 2κ31κ2C41R2r16
]
, (6.72)
(∆m2+,φ6)34 =
1
16Λ2
[
vLvR
(
2CRrRrLl6 v2R + κ22(C21LlRr6 + 2(CLlR21r6 − CLR21rl6 + CRrL21l6 )) + κ21(C21LlRr6 + 4CLR4lr16 )
+ 4κ1κ2C41LlRr6
)
+ 2CLlLlRr6 v3LvR + 2κ1v2L
(
κ2(−CL4Lrl16 + 2CLlL4r16 + CLlR2l16 + CLlR4l16 )
+ κ1(CL4Lrl16 + CLlR2l16 + CLlR4l16 )
)
+ 2
(
κ1v
2
R
(
κ1(CR4Rlr16 + CRrL2r16 + CRrL4r16 )
+ κ2(−CR4Rlr16 + CRrL2r16 + CRrL4r16 + 2CRrR4l16 )
)
+ κ41C21L2r16 + κ42C21L2r16
+ κ2κ
3
1(C21L4r16 + C21R4l16 + C41l2r16 + C41R2l16 ) + κ32κ1(C21L4r16 + C21R4l16 + C41l2r16 + C41R2l16 )
+ 2κ22κ
2
1(C2L41r36 + C41L2r36 + C41L41r6 + C41R41l6 )
)]
, (6.73)
(∆m2+,φ6)44 =
1
8Λ2
[
v2L
(
3CLlLlRr6 v2R + κ21(4C{21}{LlLl}6 + 3C21LlLl6 + CLlL21l6 ) + κ22(4C{21}{LlLl}6 + C21LlLl6 + 3CLlL21l6 )
+ 8κ1κ2C41LlLl6
)
+ 2vLvR
(
κ21(−CL4Lrl16 + 2CLlL4r16 + CLlR4l16 ) + κ2κ1(CL4Lrl16 + CLlR2l16 + CLlR4l16 )
+ κ22CLlR2l16
)
+ 6CLlLlLl6 v4L + v2R
(
κ21(C21LlRr6 − 2CLR4lr16 + CRrL21l6 ) + 2κ2κ1C41LlRr6 + κ22(CLlR21r6
+ CLR21rl6 )
)
+ CRrRrLl6 v4R + κ41C2121Ll6 + κ42C2121Ll6 + 2κ1κ32C2141Ll6 + 2κ31κ2C2141Ll6 + κ41C2211Ll6
+ κ42C2211Ll6 + 2κ21κ22C23Ll416 + κ41C2L21l16 + κ42C2L21l16 + 4κ21κ22C4141Ll6 + 2κ1κ2κ2+C41L2l16
]
. (6.74)
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Doubly Charged scalar mass matrix
(∆m2++,φ6)11 =
1
4Λ2
[
v2L
(CRrLLll6 v2R + 4κ1κ2C41LLll6 )+ 2κ2vLvR(κ2(CL4Lrl16 + CLR2LL16 ) + κ1CLR4ll16 )
+ CLlLLll6 v4L + κ22
(CLR21rl6 v2R + κ22(C2121Ll6 + C2211Ll6 ) + 2κ1κ2C2141Ll6
+ κ21(C23Ll416 + C2L21l16 + 2(C4141Ll6 + C41L2l16 ))
)]
, (6.75)
(∆m2++,φ6)12 =
1
4Λ2
[
vLvR
(CllRRRr6 v2R + 2(κ21C21LLrr6 + κ22C21LLrr6 + κ2κ1(C41RRll6 + CLR4lr16 )))+ CLlLLrr6 v3LvR
+ κ1v
2
L
(
κ1(CL4Lrl16 + CLR2LL16 ) + κ2CLR4ll16
)
+ v2R
(
κ22CLR2rr16 + κ2κ1CLR4rr16 + κ21CR4Rlr16
)
+ κ2
(
κ22κ1C21L2r16 + κ32(C21L4r16 + C21R4l16 ) + κ2κ21(C2L41r36 + C41L41r6 + C41R2l16 + C41R41l6 )
+ κ31C41L2r36
)]
, (6.76)
(∆m2++,φ6)22 =
1
4Λ2
[
v2L
(CLlRRrr6 v2R + κ21CLR21rl6 )+ 2vLvR(κ21CLR2rr16 + κ2κ1CLR4rr16 + κ22CR4Rlr16 )
+ 4κ1κ2C41RRrr6 v2R + CRrRRrr6 v4R + κ22
(
κ22(C2121Rr6 + C2211Rr6 ) + 2κ2κ1C2141Rr6
+ κ21(C23Rr416 + C2R21r16 + 2(C4141Rr6 + C41R2r16 ))
)]
. (6.77)
φ2X2 and φ4D2 operators: Gauge field redefinitions and spectrum
The gauge-kinetic terms, Eq. 5.1, get modified in presence of φ2X2 operators as:
L(4)+(6)gauge,kin = −
(
∂µW
−
Lν ∂µW
−
Rν
)(1− 2ΘWLLΛ2 − 2ΘWLRΛ2
− 2ΘWRLΛ2 1−
2ΘWRR
Λ2
)(
∂µW+νL
∂µW+νR
)
− 1
2
∂µW3Lν∂µW3Rν
∂µBν
T 1− 2Θ3L3LΛ2 − 2Θ3L3RΛ2 − 2Θ3LBΛ2− 2Θ3L3RΛ2 1− 2Θ3R3RΛ2 − 2Θ3RBΛ2
− 2Θ3LBΛ2 − 2Θ3RBΛ2 1− 2ΘBBΛ2
∂µW ν3L∂µW ν3R
∂µBν
 .
Here, the parameters are given as:
ΘWLL = κ
2
+C21φWL + 2κ1κ2(C23φWL + C41φWL) + v2LCLlWLWL∆W + v2RCRrWLWL∆W ,
ΘWLR = κ
2
2C23φWLWR + κ1κ2C21φWLWR + κ21C41φWLWR ,
ΘWRL = κ
2
2C41φWLWR + κ1κ2C21φWLWR + κ21C23φWLWR ,
ΘWRR = κ
2
+C21φWR + 2κ1κ2(C23φWR + C41φWR) + v2LCLlWRWR∆W + v2RCRrWRWR∆W ,
Θ3L3L = κ
2
+C21φWL + 2κ1κ2(C23φWL + C41φWL) + v2L(CLlWLWL∆W − CLWLlWL∆W ) + v2RCRrWLWL∆W ,
Θ3L3R =
1
2
κ2+C21φWLWR + κ1κ2(C23φWLWR + C41φWLWR)−
1
2
vLvR(CLWRrWL∆W + CRWLlWR∆W ),
Θ3R3R = κ
2
+C21φWR + 2κ1κ2(C23φWR + C41φWR) + v2R(CRrWRWR∆W − CRWRrWR∆W ) + v2LCLlWRWR∆W ,
Θ3LB =
1
2
κ2−C21φWLB −
1
2
v2LCLl∆WLB ,
Θ3RB =
1
2
κ2−C21φWRB −
1
2
v2RCRr∆WRB ,
ΘBB = κ
2
+C21φB + 2κ1κ2(C23φB + C41φB) + v2LCLl∆B + v2RCRr∆B . (6.78)
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Now similar to the scalar sector, we need to redefine the gauge fields such that the modified
gauge kinetic lagrangian can be brought into the canonical form. The redefined gauge fields are
written as:
W±µL →
(
1 +
ΘWLL
Λ2
)
W±µL +
ΘWLR
Λ2
W±µR ,
W±µR →
(
1 +
ΘWRR
Λ2
)
W±µR +
ΘWRL
Λ2
W±µL ,
Wµ3L →
(
1 +
Θ3L3L
Λ2
)
Wµ3L +
Θ3L3R
Λ2
Wµ3R +
Θ3LB
Λ2
Bµ,
Wµ3R →
(
1 +
Θ3R3R
Λ2
)
Wµ3R +
Θ3L3R
Λ2
Wµ3L +
Θ3RB
Λ2
Bµ,
Bµ →
(
1 +
ΘBB
Λ2
)
Bµ +
Θ3LB
Λ2
Wµ3L +
Θ3RB
Λ2
Wµ3R. (6.79)
After incorporating the redefined gauge fields in the renormalizable gauge kinetic terms, the
gauge boson masses are shifted. The shifts in the charged and neutral gauge boson mass matrices
can be recast in the following forms respectively:
(∆m2W±)
φ2X2
11 =
g2
Λ2
(
1
2
(κ2+ + 2v
2
L)ΘWLL − κ1κ2ΘWRL
)
,
(∆m2W±)
φ2X2
12 =
g2
Λ2
(
1
4
κ2+(ΘWLR + ΘWRL) +
1
2
(v2LΘWLR + v
2
RΘWRL)−
1
2
κ1κ2(ΘWLL + ΘWRR)
)
,
(∆m2W±)
φ2X2
22 =
g2
Λ2
(
1
2
(κ2+ + 2v
2
R)ΘWRR − κ1κ2ΘWLR
)
, (6.80)
and
(∆m2W3B)
φ2X2
11 =
g
Λ2
(
v2L (−2g˜Θ3LB + 2gΘ3L3L) +
g
2
κ2+ (Θ3L3L −Θ3L3R)
)
,
(∆m2W3B)
φ2X2
12 =
g
Λ2
(
v2L (−g˜Θ3RB + gΘ3L3R) + v2R (−g˜Θ3LB + gΘ3L3R)
− g
4
κ2+(Θ3L3L + Θ3R3R − 2Θ3L3R)
)
,
(∆m2W3B)
φ2X2
13 =
1
Λ2
(g2
4
κ2+(Θ3LB −Θ3RB) + (g˜2v2R + (g2 + g˜2)v2L)Θ3LB
− gg˜(v2L(ΘBB + Θ3L3L) + v2RΘ3L3R)
)
,
(∆m2W3B)
φ2X2
22 =
g
Λ2
(
v2R (−2g˜Θ3RB + 2gΘ3R3R) +
g
2
κ2+ (Θ3R3R −Θ3L3R)
)
,
(∆m2W3B)
φ2X2
23 =
1
Λ2
(g2
4
κ2+(Θ3RB −Θ3LB) + (g˜2v2L + (g2 + g˜2)v2R)Θ3RB
− gg˜(v2R(ΘBB + Θ3R3R) + v2LΘ3L3R)
)
,
(∆m2W3B)
φ2X2
33 =
1
Λ2
(
2g˜2
(
v2L + v
2
R
)
ΘBB − 2gg˜
(
v2LΘ3LB + v
2
RΘ3RB
))
. (6.81)
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There will be an additional contribution to the gauge boson masses due to the φ4D2 operators,
and their effects are captured as:
(∆m2W±)
φ4D2
11 =
g2
8Λ2
[
C(L)rR(l)φD v2Lv2R + 2v2Lκ2+C{21}{(L)(l)}φD + v2Lκ2+C21(L)(l)φD + 2v2Lκ2+C(L)11(l)φD
+ 2v2Lκ1κ2CL(l)1(1)φD + v2Lκ2+C{Ll}{(2)(1)}φD + v2Lκ21CLl(2)(1)φD + 2κ21C(2)rL(1)φD vLvR
+ 2v4L(C{Ll}{(L)(l)}φD + CL(l)L(l)φD + CLl(Ll) ) + v2Rκ2+C{Rr}{(2)(1)}φD + v2Rκ21CRr(2)(1)φD
− 4κ21κ22C1(1)1(1)φD + κ2+(κ1 + κ2)2C(11)(22)φD + κ4+C{(2)(1)}{21}φD + (κ41 + κ42)C(2)(1)21φD
− 4κ21κ22C2(1)1(1)φD + 8κ21κ22C2(1)2(1)φD
]
, (6.82)
(∆m2W±)
φ4D2
12 =
g2
8Λ2
[
vLvR
(
−2κ2κ1C(2)rL(1)φD + κ2+C(L)11(r)φD + κ2+C(L)12(r)φD + κ2+C(R)11(l)φD
)
− v2L
(
κ2
(
κ2CL(l)1(1)φD + 2κ1C{Ll}{(2)(1)}φD + κ1CLl(2)(1)φD
)
− CL(r)L(r)φD v2R
)
(6.83)
+ κ1κ2
(
v2R(CR(r)1(1)φD − 2C{Rr}{(2)(1)}φD − CRr(2)(1)φD )− 4κ1κ2C(11)(22)φD
)
+ κ1κ2κ
2
+
(
2C2(1)1(1)φD − 2C{(2)(1)}{21}φD − C(2)(1)21φD − 4C2(1)2(1)φD + 2C1(1)1(1)φD − 2C(11)(22)φD
) ]
,
(∆m2W±)
φ4D2
22 =
g2
8Λ2
[
2κ22C(2)rL(1)φD vLvR + v2L
(
C(R)lL(r)φD v2R + κ2+C{Ll}{(2)(1)}φD + κ22CLl(2)(1)φD
)
+ v2Rκ
2
+
(
2C{21}{(R)(r)}φD + C{Rr}{(2)(1)}φD + C21(R)(r)φD + 2C(R)11(r)φD
)
+ v2R
(
−2κ22CR(r)1(1)φD + κ22CRr(2)(1)φD
)
+ 2v4R
(
C{Rr}{(R)(r)}φD + CR(r)R(r)φD + CRr(Rr)
)
+ 2κ21κ
2
2
(
−2C1(1)1(1)φD − 2C2(1)1(1)φD + C(2)(1)21φD
)
+ (κ1 + κ2)
2
κ2+C(11)(22)φD + κ4+C{(2)(1)}{21}φD + 2κ4+C2(1)2(1)φD
]
, (6.84)
(∆m2W3B)
φ4D2
11 =
g2
8Λ2
[
v2L
(
4C(L)rR(l)φD v2R + 4κ2+C{21}{(L)(l)}φD + 4κ21C21(L)(l)φD + 8κ22C(L)11(l)φD + 4κ21CL(l)1(1)φD
)
+ v2L
(
κ2+C{Ll}{(2)(1)}φD + κ21CLl(2)(1)φD
)
+ 2κ22C(2)rL(1)φD vLvR + 4v4L
(
C{Ll}{(L)(l)}φD + 4CL(l)L(l)φD
)
+ v2R
(
κ2+C{Rr}{(2)(1)}φD + κ21CRr(2)(1)φD
)
+ κ4+C{(2)(1)}{21}φD
+
(
κ41 + κ
4
2
) (C(2)(1)21φD − 2C1(1)1(1)φD − 2C2(1)1(1)φD + 4C2(1)2(1)φD + 4C(11)(22)φD ) ], (6.85)
(∆m2W3B)
φ4D2
12 =
g2
8Λ2
[
2κ22vLvR
(
2(C(L)11(r)φD + C(L)12(r)φD + C(R)11(l)φD )− C(2)rL(1)φD
)
− κ4+C{(2)(1)}{21}φD
− v2L
(
κ2+C{Ll}{(2)(1)}φD + κ21CLl(2)(1)φD
)
+ v2R
(
2κ21CR(r)1(1)φD − κ2+C{Rr}{(2)(1)}φD − κ21CRr(2)(1)φD
)
+
(
κ41 + κ
4
2
) (−C(2)(1)21φD + 2C1(1)1(1)φD + 2C2(1)1(1)φD − 4C(11)(22)φD − 4C2(1)2(1)φD )
− v2L
(
−4CL(r)L(r)φD v2R + 2κ21CL(l)1(1)φD
) ]
, (6.86)
(∆m2W3B)
φ4D2
13 = −
gg˜
4Λ2
[
v2L
(
2v2R(CL(r)L(r)φD + C(L)rR(l)φD ) + 2κ2+C{21}{(L)(l)}φD + 2κ21C21(L)(l)φD + 4κ22C(L)11(l)φD
+ κ21CL(l)1(1)φD
)
+ 2κ22vLvR
(
C(L)11(r)φD + C(L)12(r)φD + C(R)11(l)φD
)
+ 2v4L
(
C{Ll}{(L)(l)}φD + 4CL(l)L(l)φD
)
+ κ21CR(r)1(1)φD v2R
]
, (6.87)
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(∆m2W3B)
φ4D2
22 =
g2
8Λ2
[
2κ22C(2)rL(1)φD vLvR + v2L
(
4C(R)lL(r)φD v2R + κ2+C{Ll}{(2)(1)}φD + κ21CLl(2)(1)φD
)
+ κ4+C{(2)(1)}{21}φD +
(
κ41 + κ
4
2
) (C(2)(1)21φD − 2C1(1)1(1)φD − 2C2(1)1(1)φD + 4C2(1)2(1)φD + 4C(11)(22)φD )
+ v2R
(
4κ2+C{21}{(R)(r)}φD + 4κ21C21(R)(r)φD + 8κ22C(R)11(r)φD − 4κ21CR(r)1(1)φD
)
+ v2R
(
κ2+C{Rr}{(2)(1)}φD + κ21CRr(2)(1)φD
)
+ 4v4R
(
C{Rr}{(R)(r)}φD + 4CR(r)R(r)φD
) ]
, (6.88)
(∆m2W3B)
φ4D2
23 = −
gg˜
4Λ2
[
2κ22vLvR
(
C(L)11(r)φD + C(L)12(r)φD + C(R)11(l)φD
)
+ v2R
(
4κ22C(R)11(r)φD − κ21CR(r)1(1)φD
)
+ v2R
(
2v2R(C{Rr}{(R)(r)}φD + 4CR(r)R(r)φD ) + 2κ2+C{21}{(R)(r)}φD + 2κ21C21(R)(r)φD
)
(6.89)
+ v2L
(
2v2R(CL(r)L(r)φD + C(R)lL(r)φD )− κ21CL(l)1(1)φD
) ]
,
(∆m2W3B)
φ4D2
33 =
g˜2
2Λ2
[
2κ22vLvR
(
C(L)11(r)φD + C(L)12(r)φD + C(R)11(l)φD
)
+ v4L
(
C{Ll}{(L)(l)}φD + 4CL(l)L(l)φD
)
(6.90)
+ v2L
(
v2R(2CL(r)L(r)φD + C(L)rR(l)φD + C(R)lL(r)φD ) + κ2+C{21}{(L)(l)}φD + κ21C21(L)(l)φD + 2κ22C(L)11(l)φD
)
+ v2R
(
v2R(C{Rr}{(R)(r)}φD + 4CR(r)R(r)φD ) + κ2+C{21}{(R)(r)}φD + κ21C21(R)(r)φD + 2κ22C(R)11(r)φD
) ]
.
Once we incorporate the contributions from the dimension-6 operators, then the full gauge
boson mass matrices can be written as:
M2W± =
(m˜2W )11 + (∆m2W±)11 (m˜2W )12 + (∆m2W±)12
(m˜2W )21 + (∆m
2
W±)21 (m˜
2
W )22 + (∆m
2
W±)22
 , (6.91)
and
M2W3B =

(m˜20)11 + (∆m
2
W3B
)11 (m˜
2
0)12 + (∆m
2
W3B
)12 (m˜
2
0)13 + (∆m
2
W3B
)13
(m˜20)21 + (∆m
2
W3B
)21 (m˜
2
0)22 + (∆m
2
W3B
)22 (m˜
2
0)23 + (∆m
2
W3B
)23
(m˜20)31 + (∆m
2
W3B
)31 (m˜
2
0)32 + (∆m
2
W3B
)32 (m˜
2
0)33 + (∆m
2
W3B
)33
 , (6.92)
where (m˜2W )ij , and (m˜
2
0)ij are the elements of tree level charged and neutral gauge boson mass
matrices respectively, see Eq. 5.26 and Eq. 5.27. Here, the shifted elements of the full mass matrices
are:
Charged gauge boson mass matrix
(∆m2W±)11 = (∆m
2
W±)
φ2X2
11 + (∆m
2
W±)
φ4D2
11 ,
(∆m2W±)22 = (∆m
2
W±)
φ2X2
22 + (∆m
2
W±)
φ4D2
22 ,
(∆m2W±)12 = (∆m
2
W±)21 = (∆m
2
W±)
φ2X2
12 + (∆m
2
W±)
φ4D2
12 . (6.93)
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Neutral gauge boson mass matrix
(∆m2W3B)11 = (∆m
2
W3B)
φ2X2
11 + (∆m
2
W3B)
φ4D2
11 ,
(∆m2W3B)22 = (∆m
2
W3B)
φ2X2
22 + (∆m
2
W3B)
φ4D2
22 ,
(∆m2W3B)33 = (∆m
2
W3B)
φ2X2
33 + (∆m
2
W3B)
φ4D2
33 ,
(∆m2W3B)12 = (∆m
2
W3B)21 = (∆m
2
W3B)
φ2X2
12 + (∆m
2
W3B)
φ4D2
12 ,
(∆m2W3B)13 = (∆m
2
W3B)31 = (∆m
2
W3B)
φ2X2
13 + (∆m
2
W3B)
φ4D2
13 ,
(∆m2W3B)23 = (∆m
2
W3B)32 = (∆m
2
W3B)
φ2X2
23 + (∆m
2
W3B)
φ4D2
23 . (6.94)
The following matrix diagonalizes the modified charged gauge boson mass matrix:
R˜a =
(
cos ξ˜ sin ξ˜
− sin ξ˜ cos ξ˜
)
, (6.95)
where this new “angle” ξ˜ is related to the older one ξ as:
tan 2ξ˜ = tan 2ξ
[
1 +
(
(∆M2W±)12
(M˜2W )12
− (∆M
2
W±)22 − (∆M2W±)11
(M˜2W )22 − (M˜2W )11
)
+O
(
1
Λ4
)]
. (6.96)
After performing the diagonalization, the charged gauge boson masses are given as:
M2W1 = m2W1 + ((∆m2W±)11 cos2 ξ˜ − (∆m2W±)12 sin 2ξ˜ + (∆m2W±)22 sin2 ξ˜), (6.97)
M2W2 = m2W2 + ((∆m2W±)22 cos2 ξ˜ + (∆m2W±)12 sin 2ξ˜ + (∆m2W±)11 sin2 ξ˜). (6.98)
The modified neutral gauge boson mass matrix is diagonalized by a similar rotation matrix R˜b
which will be of the similar form as Rb see Eq. 5.29. The only difference is that the earlier rotation
angle θ2 ∈ Rb is replaced by θ˜2 ∈ R˜b where as the other two angles remain unaltered. The neutral
gauge boson masses are given as:
M2Z1 = m2Z1 + sin2 θ˜2
[
(∆m2W3B)22 cos
2 θ1 + (∆m
2
W3B)33 sin
2 θ1 − (∆m2W3B)23 sin 2θ1
]
+ sin 2θ˜2
[
sin θw
(
(∆m2W3B)23 cos 2θ1 +
1
2
((∆m2W3B)22 − (∆m2W3B)33) sin 2θ1
)
+ (∆m2W3B)13 sin θw − (∆m2W3B)12
√
cos 2θw
]
+ cos2 θ˜2
[
(∆m2W3B)11 cos
2 θw − 2 sin θw
(
(∆m2W3B)12 sin θw + (∆m
2
W3B)13
√
cos 2θw
)
+ sin2 θw
(
(∆m2W3B)33 cos
2 θ1 + (∆m
2
W3B)22 sin
2 θ1 + (∆m
2
W3B)23 sin 2θ1
)]
, (6.99)
M2Z2 = m2Z2 + cos2 θ˜2
[
(∆m2W3B)22 cos
2 θ1 + (∆m
2
W3B)33 sin
2 θ1 − (∆m2W3B)23 sin 2θ1
]
− sin 2θ˜2
[
sin θw
(
(∆m2W3B)23 cos 2θ1 +
1
2
((∆m2W3B)22 − (∆m2W3B)33) sin 2θ1
)
+ (∆m2W3B)13 sin θw − (∆m2W3B)12
√
cos 2θw
]
+ sin2 θ˜2
[
(∆m2W3B)11 cos
2 θw − 2 sin θw
(
(∆m2W3B)12 sin θw + (∆m
2
W3B)13
√
cos 2θw
)
+ sin2 θw
(
(∆m2W3B)33 cos
2 θ1 + (∆m
2
W3B)22 sin
2 θ1 + (∆m
2
W3B)23 sin 2θ1
)]
, (6.100)
M2A = 0. (6.101)
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Note that even after inclusion of all the corrections due to the effective operators the mass of photon
turns out to be zero (M2A = 0) which is expected.
The modified rotation angle θ˜2 can be written in terms of θ2 as
tan 2θ˜2 = tan 2θ2
[
1 +
(
p
q
− r
s
)
+O
(
1
Λ4
)]
, (6.102)
where,
p = 2 cos 2θw((∆m
2
W3B)13 cos θ1 + (∆m
2
W3B)12 sin θ1)−
1
2
sin 2θw((∆m
2
W3B)22
+ (∆m2W3B)33 − 2(∆m2W3B)11 + ((∆m2W3B)33 − (∆m2W3B)22) cos 2θ1 + 2(∆m2W3B)23 sin 2θ1),
q = 2 cos 2θw((m˜
2
0)13 cos θ1 + (m˜
2
0)12 sin θ1)
− 1
2
sin 2θw((m˜
2
0)22 + (m˜
2
0)33 − 2(m˜20)11 + ((m˜20)33 − (m˜20)22) cos 2θ1 + 2(m˜20)23 sin 2θ1),
r = cos θw(2(∆m
2
W3B)23 cos 2θ1 + ((∆m
2
W3B)22 − (∆m2W3B)33) sin 2θ1
− 2 sin θw((∆m2W3B)13 sin θ1 − (∆m2W3B)12 cos θ1)),
s = cos θw
(
2(m˜20)23 cos 2θ1 + ((m˜
2
0)22 − (m˜20)33) sin 2θ1 − 2 sin θw((m˜20)13 sin θ1 − (m˜20)12 cos θ1)
)
.
Here, we would like to specify that the eigenvalues of the gauge boson masses remain unchanged
upto O(1/Λ2) even if we use the old rotation angles in the rotation matrices. But then the photon
mass will have contributions O(1/Λ4) which needs to be ignored.
ψ2φ3 operators: Modification in spectrum in the fermion sector
The ψ2φ3 operators generate the additional contributions to the charged fermion masses as:
∆me =
1
2
√
2Λ2
[
κ2
(
2κ1κ2(C1(41)lLlR + C
1(23)
lLlR
) + (κ21 + κ
2
2)C1(21)lLlR
)]
+
1
2
√
2Λ2
[
κ1
(
2κ1κ2(C3(23)lLlR + C
3(41)
lLlR
) + (κ21 + κ
2
2)C3(21)lLlR
)]
(6.103)
+
1
2
√
2Λ2
[
κ2
(
v2LCl3LlLlR + vLvRCl3RlLlR + v2RCr3RlLlR
)
+ κ1
(
v2LCl1LlLlR + vLvRCl1RlLlR + v2RCr1RlLlR
)]
,
∆mu =
1
2
√
2Λ2
[
κ1
(
2κ1κ2(C1(41)qLqR + C1(23)qLqR ) + (κ21 + κ22)C1(21)qLqR
)]
(6.104)
+
1
2
√
2Λ2
[
κ2
(
2κ1κ2(C3(23)qLqR + C3(41)qLqR ) + (κ21 + κ22)C3(21)qLqR
)]
+
1
2
√
2Λ2
[
κ1
(
v2LCL3lqLqR + vLvRCL3rqLqR + v2RCR3rqLqR
)
+ κ2
(
v2LCL1lqLqR + vLvRCL1rqLqR + v2RCR1rqLqR
)]
,
∆md =
1
2
√
2Λ2
[
κ2
(
2κ1κ2(C1(41)qLqR + C1(23)qLqR ) + (κ21 + κ22)C1(21)qLqR
)]
(6.105)
+
1
2
√
2Λ2
[
κ1
(
2κ1κ2(C3(23)qLqR + C3(41)qLqR ) + (κ21 + κ22)C3(21)qLqR
)]
+
1
2
√
2Λ2
[
κ2
(
v2LCl3LqLqR + vLvRCl3RqLqR + v2RCr3RqLqR
)
+ κ1
(
v2LCl1LqLqR + vLvRCl1RqLqR + v2RCr1RqLqR
)]
.
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After incorporating these corrections, the resulting charged fermion mass matrices are written as:
Me = 1√
2
(κ1y˜D + κ2yD)−∆me, (6.106)
Mu = 1√
2
(κ2y˜q + κ1yq)−∆mu, (6.107)
Md = 1√
2
(κ1y˜q + κ2yq)−∆md. (6.108)
In the process, the Dirac-mass term for neutrinos also achieve correction (∆mDν ):
∆mDν =
1
2
√
2Λ2
[
κ1
(
2κ1κ2(C1(41)lLlR + C
1(23)
lLlR
) + (κ21 + κ
2
2)C1(21)lLlR
)]
+
1
2
√
2Λ2
[
κ2
(
2κ1κ2(C3(23)lLlR + C
3(41)
lLlR
) + (κ21 + κ
2
2)C3(21)lLlR
)]
(6.109)
+
1
2
√
2Λ2
[
κ1
(
v2LCL3llLlR + vLvRCL3rlLlR + v2RCR3rlLlR
)
+ κ2
(
v2LCL1llLlR + vLvRCL1rlLlR + v2RCR1rlLlR
)]
,
and the resulting Dirac-mass term for the neutrinos is read as:
MDν =
1√
2
(κ2y˜D + κ1yD)−∆mDν . (6.110)
The lepton number violating ψ2φ3 operators will provide additional contributions to the Majorana
masses for the light (ν) and heavy (N) neutrinos, Eq. 5.39, respectively:
∆mMν =
1√
2Λ2
[
vL
(
v2R(CrLrlL + Cl(Rr)lL ) + κ21(C2l1lL + C
l(21)
lL
) + κ22Cl(21)lL + 2κ1κ2(C
l(23)
lL
+ Cl(41)lL )
)
+v3L(ClLllL + Cl(Ll)lL ) + κ1vR
(
κ1Cr21lL + κ2(Cr23lL + Cr41lL )
)]
, (6.111)
∆mM
N
=
1√
2Λ2
[
v2LvR(ClRllR + Cr(Ll)lR ) + κ1vL
(
κ1Cl21lR + κ2(Cl23lR + Cl41lR )
)
+ vR
(
v2R(CrRrlR + Cr(Rr)lR )
+κ21(Cr21lR + Cr(21)lR ) + κ22C
r(21)
lR
+ 2κ1κ2(Cr(23)lR + C
r(41)
lR
)
)]
. (6.112)
After incorporating the corrections due to the effective operators, the full neutrino mass matrix,
Eq. 5.40, can be written as:
mν =
(√
2yMvL −∆mMν MDν
MDν
√
2yMvR −∆mMN
)
. (6.113)
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7 Impact of Effective operators on Observables
7.1 Outline to grab the impact of effective operators
In this paper, the impact of the effective dimension-6 operators is catalogued in a two-fold way: (i)
shift in the mass spectrum and (ii) modification in the Feynman vertices. In the earlier sections, we
have discussed how the mass spectrum gets modified in the presence of higher dimensional operators
and computed the complete spectra for two scenarios – 2HDM- and MLRSM-EFT in detail. We
have prepared a schematic drawing, Fig. 4, to summarise the earlier sections.
Gauge 
Boson
Mass
Fermion
Mass
Scalar  
Mass
ϕ4D2 ϕ2X2
ψ2ϕ3ϕ6
A′ μ
ϕ′ 
V(ϕ′ ) ℒ
Y
ψ(ϕ,ψ) ℒkinϕ (ϕ′ , A′  μ)
ϕ4D2
ϕ′ , A′  are redefined scalar and gauge fields
Figure 4: Trajectories outlining the impact of effective operators on the spectrum.
In the presence of redefined fields (A′µ, φ
′), the effective lagrangian can be written as:
L(4)+(6) = LkinA (A′µ) + Lkinφ (φ′, A′µ) + Lkinψ (ψ,A′µ) + V (φ′)
+LYDirac(φ′, ψ) + LYMajorana(φ′, ψ) +
1
Λ2
∑
j
CjOj . (7.1)
But this does not tell the full story. In the following section, we have systematically discussed
how the interaction vertices get modified in the presence of these effective operators, and how they
affect the low energy observables. To get an idea of how different observables are connected to
different parts of the lagrangian (which is a function of shifted fields), we have prepared Table 26.
We have organised the next part of the paper as follows: First, we have computed all the relevant
modified Feynman vertices using the effective lagrangian in Eq. 7.1. Then we have estimated the
low energy observables, e.g., Weak mixing angle, Fermi constant, ρ and oblique parameters. We
have also outlined the possible sources of anomalous magnetic moment and theoretical constraints
on the scalar potential to capture the impact of the effective operators. We have further highlighted
how different collider processes, e.g., production and decay of heavy BSM particles, get modified
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within this effective theory framework. Instead of going for a detailed exploration, we have chosen
selective channels relevant to the considered models. We have concluded this section by paving
the path towards the possible phenomenological explorations of these interesting BSM scenarios
in colliders and other experiments. In passing, we would like to mention that Baryon Number
Violating operators listed in Tables 12 and 20, are not being used in the further analysis.
Observables Effective lagrangian terms
Weak mixing angle (θW )
Fermi constant (GF ) Lkinψ (ψ,A′µ) + 1Λ2 [ψ2φ2D + ψ4]
ρ parameter
Oblique parameters (S, T, U) LkinA (A′µ) + Lkinφ (φ′, A′µ) + 1Λ2 [φ4D2 + φ2X2]
Magnetic moment LYMajorana(φ′, ψ) + 1Λ2 [ψ2φX]
Lepton Flavor Violating (LFV) and
LYMajorana(φ′, ψ) + Lkinφ (φ′, A′µ) + 1Λ2 [φ4D2 + ψ2φ3]
Lepton Number Violating (LNV) processes
Scalar Quartic couplings V (φ′) + 1Λ2 [φ
6]
Table 26: Low energy observables and their origin in effective lagrangian.
7.2 Weak mixing angle
The Weak mixing angle is measured using the low energy data of nucleon-neutrino scattering. This
scattering is driven by the charged and neutral currents. One can define a ratio (R̂) using this
scattering information as [44]:
R̂ =
σνNC − σν¯NC
σνCC − σν¯CC , (7.2)
which can be recast in terms of the Weak mixing angle [44]:
R̂ =
1
2
− sin2 θ¯w. (7.3)
Here, σν(ν¯)NC and σν(ν¯)CC represent the cross section of neutrino (anti-neutrino)-nucleon scattering
through neutral (NC) and charged (CC) currents respectively.
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W±
e±
ν
W+
u
d¯
Z
u(d)
u¯(d¯)
Z
e+(ν)
e−(ν¯)
Figure 5: The effective interactions among gauge bosons with the fermions. The [•]
depicts the modified Feynman vertex (renormalizable + corrections due to dimension-
6 operators) factors which are tabulated in the following sections for both 2HDM and
MLRSM effective scenarios.
2HDM
For 2HDM scenario, the scattering cross-sections (σν(ν¯)NC , and σν(ν¯)CC) are derived using the
following part of the lagrangian [44]:
LCCνQ =
g2
2M2W
eLγ
µνL
(
ν∗(ud)LuLγ
µdL + (ν∗(ud)RuRγ
µdR
)
+ h.c., (7.4)
LNCνQ =
g2
cos2 θwM2Z
νLγ
µνL
(
ζν∗uLuLγ
µuL + ζν∗uRuRγ
µuR
+ζν∗dLdLγ
µdL + ζν∗dRdRγ
µdR
)
, (7.5)
where ν∗(ud)L , ν∗(ud)R , ζν∗uL , ζν∗dL , ζν∗uR , ζν∗dR are given as:
ν∗(ud)L = (eν)L ∗ (ud)L −
4M2W
g2Λ2
C[3]LQ, ν∗(ud)R = (eν)L ∗ (ud)R ,
ζν∗uL = ζνLζuL −
cos2 θwM2Z
g2Λ2
[
C[1]LQ + C[3]LQ
]
, ζν∗dL = ζdL ∗ ζνL −
cos2 θwM2Z
g2Λ2
[
C[1]LQ − C[3]LQ
]
,
ζν∗uR = ζνL ∗ ζuR −
cos2 θwM2Z
g2Λ2
CLu, ζν∗dR = ζνl ∗ ζdR −
cos2 θwM2Z
g2Λ2
CLd,
and their associated parameters  and ζ which encapsulate the features of the relevant modified
interactions (schematically depicted in Fig. 5.) are given in Table 27.
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The parameters aiL/R for i = u, d, ν, e in Table 27, are given as:
aνL =
1
2
+
1
2Λ2
(
ΘBB sin
2 θw + ΘWW cos
2 θw − 2ΘW3B sin θw cos θw
)
,
aeL = −
1
2
+ sin2 θw +
1
2Λ2
(
ΘBB sin
2 θw −ΘWW cos2 θw
)
,
aeR = sin
2 θw +
1
Λ2
(
ΘBB sin
2 θw −ΘW3B sin θw cos θw
)
,
auL =
1
2
− 2
3
sin2 θw +
1
Λ2
(
1
2
ΘWW cos
2 θw − 1
3
ΘW3B sin θw cos θw −
1
6
ΘBB sin
2 θw
)
,
auR = −
2
3
sin2 θw +
2
3Λ2
(
ΘW3B sin θw cos θw −ΘBB sin2 θw
)
,
adL = −
1
2
+
1
3
sin2 θw +
1
Λ2
(
−1
2
ΘWW cos
2 θw − 1
6
ΘBB sin
2 θw +
2
3
ΘW3B sin θw cos θw
)
,
adR =
1
3
sin2 θw +
1
3Λ2
(
ΘBB sin
2 θw −ΘW3B sin θw cos θw
)
.
ψγµψXµ 2HDM: Charged current vertex factor
νLγ
µeLW
+
µ
g√
2
(eν)L =
g√
2
[
1 + ΘWWΛ2 +
√
2
g AeLνLW
]
uLγ
µdLW
+
µ
g√
2
(ud)L =
g√
2
[
1 + ΘWWΛ2 +
√
2
g AuLdLW
]
uRγ
µdRW
+
µ
g√
2
(ud)R = AuRdRW
2HDM: Neutral current vertex factor
ν
L
γµνLZµ
g
cos θw
ζνL =
g
cos θw
[
aνL +
cos θw
g AνLνLZ
]
eLγ
µeLZµ
g
cos θw
ζeL =
g
cos θw
[
aeL +
cos θw
g AeLeLZ
]
eRγ
µeRZµ
g
cos θw
ζeR =
g
cos θw
[
aeR +
cos θw
g AeReRZ
]
uLγ
µuLZµ
g
cos θw
ζuL =
g
cos θw
[
auL +
cos θw
g AuLuLZ
]
uRγ
µuRZµ
g
cos θw
ζuR =
g
cos θw
[
auR +
cos θw
g AuRuRZ
]
dLγ
µdLZµ
g
cos θw
ζdL =
g
cos θw
[
adL +
cos θw
g AdLdLZ
]
dRγ
µdRZµ
g
cos θw
ζdR =
g
cos θw
[
adR +
cos θw
g AdRdRZ
]
Table 27: 2HDM: Coupling of gauge bosons and fermions. The detailed structures of the
A’s are given in Table 28. Hermitian conjugate vertices are not separately mentioned.
Implementing all these corrections due to the dimension-6 operators we can estimate the new
Weak mixing angle as sin2 θ¯w =
1
2 − R̂, where
R̂ =
4M4W
cos4 θwM4Z
(
ζ2ν∗uL + ζ
2
ν∗dL − ζ2ν∗uR − ζ2ν∗dR
2ν∗(ud)L − 2ν∗(ud)R
)
. (7.6)
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νLγ
µeLW
+
µ AνLeLW =
gC11[3]LφDv21√
2Λ2
+
√
2gC12[3]LφDv2v1
Λ2
+
gC22[3]LφDv22√
2Λ2
uLγ
µdLW
+
µ AuLdLW =
gC11[3]QφDv21√
2Λ2
+
√
2gC12[3]QφDv2v1
Λ2
+
gC22[3]QφDv22√
2Λ2
uRγ
µdRW
+
µ AuRdRW =
gC1˜1udφDv21√
2Λ2
+
gC2˜2udφDv22√
2Λ2
+
gC2˜1udφDv2v1√
2Λ2
νLγ
µνLZµ AνLνLZ = −
gC11[1]LφDv21√
2Λ2
+
gC11[3]LφDv21√
2Λ2
−
√
2gC12[1]LφDv2v1
Λ2
+
√
2gC12[3]LφDv2v1
Λ2
− gC
22[1]
LφDv
2
2√
2Λ2
+
gC22[3]LφDv22√
2Λ2
eLγ
µeLZµ AeLeLZ = −
gC11[1]LφDv21√
2Λ2
− gC
11[3]
LφDv
2
1√
2Λ2
−
√
2gC12[1]LφDv2v1
Λ2
−
√
2gC12[3]LφDv2v1
Λ2
− gC
22[1]
LφDv
2
2√
2Λ2
− gC
22[3]
LφDv
2
2√
2Λ2
eRγ
µeRZµ AeReRZ = −
gC11eφDv21√
2Λ2
−
√
2gC12eφDv2v1
Λ2
− gC
22
eφDv
2
2√
2Λ2
uLγ
µuLZµ AuLuLZ = −
gC11[1]QφDv21√
2Λ2
+
gC11[3]QφDv21√
2Λ2
−
√
2gC12[1]QφDv2v1
Λ2
+
√
2gC12[3]QφDv2v1
Λ2
− gC
22[1]
QφDv
2
2√
2Λ2
+
gC22[3]QφDv22√
2Λ2
dLγ
µdLZµ AdLdLZ = −
gC11[1]QφDv21√
2Λ2
− gC
11[3]
QφDv
2
1√
2Λ2
−
√
2gC12[1]QφDv2v1
Λ2
−
√
2gC12[3]QφDv2v1
Λ2
− gC
22[1]
QφDv
2
2√
2Λ2
− gC
22[3]
QφDv
2
2√
2Λ2
uRγ
µuRZµ AuRuRZ = −
gC11uφDv21√
2Λ2
−
√
2gC12uφDv2v1
Λ2
− gC
22
uφDv
2
2√
2Λ2
dRγ
µdRZµ AdRdRZ = −
gC11dφDv21√
2Λ2
−
√
2gC12dφDv2v1
Λ2
− gC
22
dφDv
2
2√
2Λ2
Table 28: 2HDM: Corrections to gauge bosons and fermion couplings from ψ2φ2D oper-
ators.
– 70 –
MLRSM
Similar to the 2HDM case, we have constructed the lagrangian which contains the neutral and
charged current interactions :
LCCνQ =
g2
2M2W1
eLγ
µνL
(
1(eν)L∗(ud)LuLγ
µdL + 
1
(eν)L∗(ud)RuRγ
µdR
)
+ h.c.
+
g2
2M2W2
eLγ
µνL
(
2(eν)L∗(ud)LuLγ
µdL + 
2
(eν)L∗(ud)RuRγ
µdR
)
+ h.c.,
LNCνQ =
g2
4 cos2 θwM2Z1
νLγ
µνL
(
ζ1νL∗uLuLγ
µuL + ζ
1
νL∗uRuRγ
µuR + ζ
1
νL∗dLdLγ
µdL + ζ
1
νL∗dRdRγ
µdR
)
+
g2
4 cos2 θwM2Z2
νLγ
µνL
(
ζ2νL∗uLuLγ
µuL + ζ
2
νL∗uRuRγ
µuR + ζ
2
νL∗dLdLγ
µdL + ζ
2
νL∗dRdRγ
µdR
)
.
The parameters [1(eν)L∗(ud)L , 
1
(eν)L∗(ud)R , 
2
(eν)L∗(ud)L , 
2
(eν)L∗(ud)R ] contained in the charged
current are expressed as:
1(eν)L∗(ud)L = 
1
(eν)L
1(ud)L −
4M2W1
g2Λ2 C[3]lLqL , 1(eν)L∗(ud)R = 1(eν)L1(ud)R , (7.7)
2(eν)L∗(ud)L = 
2
(eν)L
2(ud)L −
4M2W2
g2Λ2 C[3]lLqL , 2(eν)L∗(ud)R = 1(eν)L1(ud)R . (7.8)
ψγµψXµ MLRSM: Charged current vertex factors
νLγ
µeLW
+
1µ
g√
2
1(eν)L =
g√
2
[
cos ξ
(
1 +
ΘWLL
Λ2
)
− sin ξΘWLR
Λ2
+
√
2
g AνLeLW2
]
νLγ
µeLW
+
2µ
g√
2
2(eν)L =
g√
2
[
sin ξ
(
1 +
ΘWLL
Λ2
)
+ cos ξ
ΘWLR
Λ2
+
√
2
g AνLeLW2
]
νRγ
µeRW
+
1µ
g√
2
1(eν)R =
g√
2
[
− sin ξ
(
1 +
ΘWRR
Λ2
)
+ cos ξ
ΘWRL
Λ2
+
√
2
g AνReRW1
]
νRγ
µeRW
+
2µ
g√
2
2(eν)R =
g√
2
[
cos ξ
(
1 +
ΘWRR
Λ2
)
+ sin ξ
ΘWRL
Λ2
+
√
2
g AνReRW2
]
uLγ
µdLW
+
1µ
g√
2
1(ud)L =
g√
2
[
cos ξ
(
1 +
ΘWLL
Λ2
)
− sin ξΘWLR
Λ2
+
√
2
g AuLdLW1
]
uLγ
µdLW
+
2µ
g√
2
2(ud)L =
g√
2
[
sin ξ
(
1 +
ΘWLL
Λ2
)
+ cos ξ
ΘWLR
Λ2
+
√
2
g AuLdLW2
]
uRγ
µdRW
+
1µ
g√
2
1(ud)R =
g√
2
[
− sin ξ
(
1 +
ΘWRR
Λ2
)
+ cos ξ
ΘWRL
Λ2
+
√
2
g AuRdRW1
]
uRγ
µdRW
+
2µ
g√
2
2(ud)R =
g√
2
[
cos ξ
(
1 +
ΘWRR
Λ2
)
+ sin ξ
ΘWRL
Λ2
+
√
2
g AuRdRW2
]
Table 29: MLRSM: Coupling of charged gauge boson and fermions. Here, e˜ = e2 cos θw sin θw .
Hermitian conjugate of these vertices are not separately mentioned. The detailed structures
of A’s are depicted in Table 30.
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νLγ
µeLW
+
1µ AνLeLW1 =
g
2
√
2Λ2
(
Ra11
(
ClL[3]LDl v2L +
(
κ21 + κ
2
2
) ClL[3]2D1 )− 2Ra21κ1κ2ClL[3]2D1 )
νLγ
µeLW
+
2µ AνLeLW2 =
g
2
√
2Λ2
(
Ra12
(
ClL[3]LDl v2L +
(
κ21 + κ
2
2
) ClL[3]2D1 )− 2Ra22κ1κ2ClL[3]2D1 )
νRγ
µeRW
+
1µ AνReRW1 =
g
2
√
2Λ2
(
Ra11
(
κ21 + κ
2
2
) ClR[3]2D1 +Ra21 (ClR[3]RDrv2R − 2κ1κ2ClR[3]2D1 ))
νRγ
µeRW
+
2µ AνReRW2 =
g
2
√
2Λ2
(
Ra12
(
κ21 + κ
2
2
) ClR[3]2D1 +Ra22 (ClR[3]RDrv2R − 2κ1κ2ClR[3]2D1 ))
uLγ
µdLW
+
1µ AuLdLW1 =
g
2
√
2Λ2
(
Ra11
(
CqL[3]LDl v2L +
(
κ21 + κ
2
2
) CqL[3]2D1 )− 2Ra21κ1κ2CqL[3]2D1 )
uLγ
µdLW
+
2µ AuLdLW2 =
g
2
√
2Λ2
(
Ra12
(
CqL[3]LDl v2L +
(
κ21 + κ
2
2
) CqL[3]2D1 )− 2Ra22κ1κ2CqL[3]2D1 )
uRγ
µdRW
+
1µ AuRdRW1 =
g
2
√
2Λ2
(
Ra11
(
κ21 + κ
2
2
) CqR[3]2D1 +Ra21 (CqR[3]RDr v2R − 2κ1κ2CqR[3]2D1 ))
uRγ
µdRW
+
2µ AuRdRW2 =
g
2
√
2Λ2
(
Ra12
(
κ21 + κ
2
2
) CqR[3]2D1 +Ra22 (CqR[3]RDr v2R − 2κ1κ2CqR[3]2D1 ))
Table 30: MLRSM: Corrections to the coupling of charged gauge bosons to fermions due
to ψ2φ2D operators.
The parameters [ζ1νL∗uL , ζ
1
νL∗uR , ζ
2
νL∗uR , ζ
1
νL∗dR , ζ
2
νL∗dR ] contained in the neutral current are
expressed as:
ζ1νL∗uL = ζ
1
νLζ
1
uL −
4M2Z1 cos2 θw
g2Λ2
(
C[1]lLqL + C
[3]
lLqL
)
, ζ1νL∗uR = ζ
1
νLζ
1
uR −
4M2Z1 cos2 θw
g2Λ2
ClLqR ,
ζ2νL∗uL = ζ
2
νLζ
2
uL −
4M2Z2 cos2 θw
g2Λ2
(
C[1]lLqL + C
[3]
lLqL
)
, ζ2νL∗uR = ζ
2
νLζ
2
uR −
4M2Z2 cos2 θw
g2Λ2
ClLqR ,
ζ1νL∗dL = ζ
1
νLζ
1
dL −
4M2Z1 cos2 θw
g2Λ2
(
C[1]lLqL − C
[3]
lLqL
)
, ζ1νL∗dR = ζ
1
νLζ
1
dR −
4M2Z1 cos2 θw
g2Λ2
ClLqR ,
ζ2νL∗dL = ζ
2
νLζ
2
dL −
4M2Z2 cos2 θw
g2Λ2
(
C[1]lLqL − C
[3]
lLqL
)
, ζ2νL∗dR = ζ
2
νLζ
2
dR −
4M2Z2 cos2 θw
g2Λ2
ClLqR .
The “a” and “b” parameters in Table 32 are given as:
aiL =
(
AiL1 cos
2 θw −AiL2 sin2 θw
)
+
1
Λ2
[
AiL1
(
cos2 θwΘ3L3L − sin2 θwΘ3L3R − sin θw
√
cos 2θwΘ3LB
)
+AiL2
(
sin θw cos
2 θw√
cos 2θw
Θ3LB − sin
3 θw√
cos 2θw
Θ3RB − sin2 θwΘBB
)]
, (7.9)
biL = A
iL
2
sin2 θw√
cos 2θw
+
1
Λ2
[
AiL1
(
−
√
cos 2θwΘ3L3R + sin θwΘ3LB
)
+AiL2
(− sin θwΘ3RB (7.10)
+
sin2 θw√
cos 2θw
ΘBB
)]
,
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aiR = −
(
AiR1 +A
iR
2
)
sin2 θw +
1
Λ2
[
AiR1
(
cos2 θwΘ3L3R − sin2 θwΘ3R3R − sin θw
√
cos 2θwΘ3RB
)
+AiR2
(
sin θw cos
2 θw√
cos 2θw
Θ3LB − sin
3 θw√
cos 2θw
Θ3RB − sin2 θwΘBB
)]
, (7.11)
biR =
(
−AiR1
√
cos 2θw +A
iR
2
sin2 θw√
cos 2θw
)
(7.12)
+
1
Λ2
[
AiR1
(
−
√
cos 2θwΘ3R3R + sin θwΘ3RB
)
+AiR2
(
− sin θwΘ3RB + sin
2 θw√
cos 2θw
ΘBB
)]
,
where
AiL,R1 = 2T
i
3L,R, A
iL,R
2 = 2(Q
i − T i3L,R); i = u, d, ν, e. (7.13)
The T3L, T3R, Q are the quantum numbers corresponding to SU(2)L, SU(2)R, and U(1)em gauge
groups respectively. These are provided in Table 31.
Quantum no. νL νR eL eR uL uR dL dR
T3L
1
2 0 − 12 0 12 0 − 12 0
T3R 0
1
2 0 − 12 0 12 0 − 12
Q 0 0 -1 -1 23
2
3 − 13 − 13
Table 31: MLRSM: T3L, T3R, Q quantum number for fermions.
Now incorporating all the above mentioned corrections, we can express R̂ as:
R̂ =
4M4W1
cos4 θwM4Z1
[ (ζ1νL∗uL)2 + (ζ1νL∗dL)2 − (ζ1νL∗uR)2 − (ζ1νL∗dR)2
(1(νe)L∗(ud)L)
2 − (1(νe)L∗(ud)R)2
]
. (7.14)
The modified Weak mixing angle can be derived using sin2 θ¯w =
1
2 − R̂.
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ψγµψXµ MLRSM: Neutral current vertex factors
νLγ
µνLZ1µ e˜ζ
1
νL
= e˜
[
aνL cos θ2 + b
ν
L sin θ2 +
1
e˜AνLZ1
]
νLγ
µνLZ2µ e˜ζ
2
νL
= e˜
[
aνL sin θ2 − bνL cos θ2 + 1e˜AνLZ2
]
eLγ
µeLZ1µ e˜ζ
1
eL
= e˜
[
aeL cos θ2 + b
e
L sin θ2 +
1
e˜AeLZ1
]
eLγ
µeLZ2µ e˜ζ
2
eL
= e˜
[
aeL sin θ2 − beL cos θ2 + 1e˜AeLZ2
]
eRγ
µeRZ1µ e˜ζ
1
eR
= e˜
[
aeR cos θ2 + b
e
R sin θ2 +
1
e˜AeRZ1
]
eRγ
µeRZ2µ e˜ζ
2
eR
= e˜
[
aeR sin θ2 − beR cos θ2 + 1e˜AeRZ2
]
uLγ
µuLZ1µ e˜ζ
1
uL
= e˜
[
auL cos θ2 + b
u
L sin θ2 +
1
e˜AuLZ1
]
uLγ
µuLZ2µ e˜ζ
2
uL
= e˜
[
auL sin θ2 − buL cos θ2 + 1e˜AuLZ2
]
uRγ
µuRZ1µ e˜ζ
1
dR
= e˜
[
auR cos θ2 + b
u
R sin θ2 +
1
e˜AuRZ1
]
uRγ
µuRZ2µ e˜ζ
2
uR
= e˜
[
auR sin θ2 − buR cos θ2 + 1e˜AuRZ2
]
dLγ
µdLZ1µ e˜ζ
1
dL
= e˜
[
adL cos θ2 + b
d
L sin θ2 +
1
e˜AdLZ1
]
dLγ
µdLZ2µ e˜ζ
2
dL
= e˜
[
adL sin θ2 − bdL cos θ2 + 1e˜AdLZ2
]
dRγ
µdRZ1µ e˜ζ
1
dR
= e˜
[
adR cos θ2 + b
d
R sin θ2 +
1
e˜AdRZ1
]
dRγ
µdRZ2µ e˜ζ
2
dR
= e˜
[
adR sin θ2 − bdR cos θ2 + 1e˜AdRZ2
]
Table 32: MLRSM: Coupling of neutral gauge bosons and fermions: Here, e˜ = e2 cos θw sin θw .
The detailed structures of A’s are mentioned in Tables 33, 34.
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νLγ
µνLZ1µ AνLZ1 =
Rb31C
lL[1]
LDl g˜v
2
L
Λ2 −
Rb31C
lL[3]
LDl g˜v
2
L
Λ2 +
Rb31C
lL
RDr g˜v
2
R
Λ2 −
Rb11gC
lL[1]
LDl v
2
L
Λ2 +
Rb11gC
lL[3]
LDl v
2
L
Λ2
−Rb21gC
lL
RDrv
2
R
Λ2 +
Rb11gκ21C
lL[1]
2D1
2Λ2 +
Rb21gκ22C
lL[1]
2D1
2Λ2 −
Rb21gκ21C
lL[1]
2D1
2Λ2 −
Rb11gκ22C
lL[1]
2D1
2Λ2
+
Rb11gκ21C
lL[3]
2D1
2Λ2 +
Rb11gκ22C
lL[3]
2D1
2Λ2 −
Rb21gκ21C
lL[3]
2D1
2Λ2 −
Rb21gκ22C
lL[3]
2D1
2Λ2
νLγ
µνLZ2µ AνLZ2 =
Rb32C
lL[1]
LDl g˜v
2
L
Λ2 −
Rb32C
lL[3]
LDl g˜v
2
L
Λ2 +
Rb32C
lL
RDr g˜v
2
R
Λ2 −
Rb12gC
lL[1]
LDl v
2
L
Λ2 +
Rb12gC
lL[3]
LDl v
2
L
Λ2
−Rb22gC
lL
RDrv
2
R
Λ2 +
Rb12gκ21C
lL[1]
2D1
2Λ2 +
Rb22gκ22C
lL[1]
2D1
2Λ2 −
Rb22gκ21C
lL[1]
2D1
2Λ2 −
Rb12gκ22C
lL[1]
2D1
2Λ2
+
Rb12gκ21C
lL[3]
2D1
2Λ2 +
Rb12gκ22C
lL[3]
2D1
2Λ2 −
Rb22gκ21C
lL[3]
2D1
2Λ2 −
Rb22gκ22C
lL[3]
2D1
2Λ2
eLγ
µeLZ1µ AeLZ1 =
Rb31C
lL[1]
LDl g˜v
2
L
Λ2 +
Rb31C
lL[3]
LDl g˜v
2
L
Λ2 +
Rb31C
lL
RDr g˜v
2
R
Λ2 −
Rb11gC
lL[1]
LDl v
2
L
Λ2 −
Rb11gC
lL[3]
LDl v
2
L
Λ2
−Rb21gC
lL
RDrv
2
R
Λ2 +
Rb11gκ21C
lL[1]
2D1
2Λ2 +
Rb21gκ22C
lL[1]
2D1
2Λ2 −
Rb21gκ21C
lL[1]
2D1
2Λ2 −
Rb11gκ22C
lL[1]
2D1
2Λ2
+
Rb21gκ21C
lL[3]
2D1
2Λ2 +
Rb21gκ22C
lL[3]
2D1
2Λ2 −
Rb11gκ21C
lL[3]
2D1
2Λ2 −
Rb11gκ22C
lL[3]
2D1
2Λ2
eLγ
µeLZ2µ AeLZ2 =
Rb32C
lL[1]
LDl g˜v
2
L
Λ2 +
Rb32C
lL[3]
LDl g˜v
2
L
Λ2 +
Rb32C
lL
RDr g˜v
2
R
Λ2 −
Rb12gC
lL[1]
LDl v
2
L
Λ2 −
Rb12gC
lL[3]
LDl v
2
L
Λ2
−Rb22gC
lL
RDrv
2
R
Λ2 +
Rb12gκ21C
lL[1]
2D1
2Λ2 +
Rb22gκ22C
lL[1]
2D1
2Λ2 −
Rb22gκ21C
lL[1]
2D1
2Λ2 −
Rb12gκ22C
lL[1]
2D1
2Λ2
+
Rb22gκ21C
lL[3]
2D1
2Λ2 +
Rb22gκ22C
lL[3]
2D1
2Λ2 −
Rb12gκ21C
lL[3]
2D1
2Λ2 −
Rb12gκ22C
lL[3]
2D1
2Λ2
eRγ
µeRZ1µ AeRZ1 =
Rb31C
lR
LDlg˜v
2
L
Λ2 +
Rb31C
lR[1]
RDr g˜v
2
R
Λ2 +
Rb31C
lR[3]
RDr g˜v
2
R
Λ2 −
Rb11gC
lR
LDlv
2
L
Λ2 −
Rb21gC
lR[1]
RDr v
2
R
Λ2
−Rb21gC
lR[3]
RDr v
2
R
Λ2 +
Rb11gκ21C
lR[1]
2D1
2Λ2 +
Rb21gκ22C
lR[1]
2D1
2Λ2 −
Rb21gκ21C
lR[1]
2D1
2Λ2 −
Rb11gκ22C
lR[1]
2D1
2Λ2
+
Rb21gκ21C
lR[3]
2D1
2Λ2 +
Rb21gκ22C
lR[3]
2D1
2Λ2 −
Rb11gκ21C
lR[3]
2D1
2Λ2 −
Rb11gκ22C
lR[3]
2D1
2Λ2
eRγ
µeRZ2µ AeRZ2 =
Rb32C
lR
LDlg˜v
2
L
Λ2 +
Rb32C
lR[1]
RDr g˜v
2
R
Λ2 +
Rb32C
lR[3]
RDr g˜v
2
R
Λ2 −
Rb12gC
lR
LDlv
2
L
Λ2 −
Rb22gC
lR[1]
RDr v
2
R
Λ2
−Rb22gC
lR[3]
RDr v
2
R
Λ2 +
Rb12gκ21C
lR[1]
2D1
2Λ2 +
Rb22gκ22C
lR[1]
2D1
2Λ2 −
Rb22gκ21C
lR[1]
2D1
2Λ2 −
Rb12gκ22C
lR[1]
2D1
2Λ2
+
Rb22gκ21C
lR[3]
2D1
2Λ2 +
Rb22gκ22C
lR[3]
2D1
2Λ2 −
Rb12gκ21C
lR[3]
2D1
2Λ2 −
Rb12gκ22C
lR[3]
2D1
2Λ2
Table 33: MLRSM: Corrections to the coupling of neutral gauge bosons and fermions due
to ψ2φ2D operators.
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uLγ
µuLZ1µ AuLZ1 =
Rb31C
qL[1]
LDl g˜v
2
L
Λ2 −
Rb31C
qL[3]
LDl g˜v
2
L
Λ2 +
Rb31C
qL
RDr g˜v
2
R
Λ2 −
Rb11gC
qL[1]
LDl v
2
L
Λ2 +
Rb11gC
qL[3]
LDl v
2
L
Λ2
−Rb21gC
qL
RDrv
2
R
Λ2 +
Rb11gκ21C
qL[1]
2D1
2Λ2 +
Rb21gκ22C
qL[1]
2D1
2Λ2 −
Rb21gκ21C
qL[1]
2D1
2Λ2 −
Rb11gκ22C
qL[1]
2D1
2Λ2
+
Rb11gκ21C
qL[3]
2D1
2Λ2 +
Rb11gκ22C
qL[3]
2D1
2Λ2 −
Rb21gκ21C
qL[3]
2D1
2Λ2 −
Rb21gκ22C
qL[3]
2D1
2Λ2
uLγ
µuLZ2µ AuLZ2 =
Rb32C
qL[1]
LDl g˜v
2
L
Λ2 −
Rb32C
qL[3]
LDl g˜v
2
L
Λ2 +
Rb32C
qL
RDr g˜v
2
R
Λ2 −
Rb12gC
qL[1]
LDl v
2
L
Λ2 +
Rb12gC
qL[3]
LDl v
2
L
Λ2
−Rb22gC
qL
RDrv
2
R
Λ2 +
Rb12gκ21C
qL[1]
2D1
2Λ2 +
Rb22gκ22C
qL[1]
2D1
2Λ2 −
Rb22gκ21C
qL[1]
2D1
2Λ2 −
Rb12gκ22C
qL[1]
2D1
2Λ2
+
Rb12gκ21C
qL[3]
2D1
2Λ2 +
Rb12gκ22C
qL[3]
2D1
2Λ2 −
Rb22gκ21C
qL[3]
2D1
2Λ2 −
Rb22gκ22C
qL[3]
2D1
2Λ2
uRγ
µuRZ1µ AuRZ1 =
Rb31C
qR
LDlg˜v
2
L
Λ2 +
Rb31C
qR[1]
RDr g˜v
2
R
Λ2 −
Rb31C
qR[3]
RDr g˜v
2
R
Λ2 −
Rb11gC
qR
LDlv
2
L
Λ2 −
Rb21gC
qR[1]
RDr v
2
R
Λ2
+
Rb21gC
qR[3]
RDr v
2
R
Λ2 +
Rb11gκ21C
qR[1]
2D1
2Λ2 +
Rb21gκ22C
qR[1]
2D1
2Λ2 −
Rb21gκ21C
qR[1]
2D1
2Λ2 −
Rb11gκ22C
qR[1]
2D1
2Λ2
+
Rb11gκ21C
qR[3]
2D1
2Λ2 +
Rb11gκ22C
qR[3]
2D1
2Λ2 −
Rb21gκ21C
qR[3]
2D1
2Λ2 −
Rb21gκ22C
qR[3]
2D1
2Λ2
uRγ
µuRZ2µ AuRZ2 =
Rb32C
qR
LDlg˜v
2
L
Λ2 +
Rb32C
qR[1]
RDr g˜v
2
R
Λ2 −
Rb32C
qR[3]
RDr g˜v
2
R
Λ2 −
Rb12gC
qR
LDlv
2
L
Λ2 −
Rb22gC
qR[1]
RDr v
2
R
Λ2
+
Rb22gC
qR[3]
RDr v
2
R
Λ2 +
Rb12gκ21C
qR[1]
2D1
2Λ2 +
Rb22gκ22C
qR[1]
2D1
2Λ2 −
Rb22gκ21C
qR[1]
2D1
2Λ2 −
Rb12gκ22C
qR[1]
2D1
2Λ2
+
Rb12gκ21C
qR[3]
2D1
2Λ2 +
Rb12gκ22C
qR[3]
2D1
2Λ2 −
Rb22gκ21C
qR[3]
2D1
2Λ2 −
Rb22gκ22C
qR[3]
2D1
2Λ2
dLγ
µdLZ1µ AdLZ1 =
Rb31C
qL[1]
LDl g˜v
2
L
Λ2 +
Rb31C
qL[3]
LDl g˜v
2
L
Λ2 +
Rb31C
qL
RDr g˜v
2
R
Λ2 −
Rb11gC
qL[1]
LDl v
2
L
Λ2 −
Rb11gC
qL[3]
LDl v
2
L
Λ2
−Rb21gC
qL
RDrv
2
R
Λ2 +
Rb11gκ21C
qL[1]
2D1
2Λ2 +
Rb21gκ22C
qL[1]
2D1
2Λ2 −
Rb21gκ21C
qL[1]
2D1
2Λ2 −
Rb11gκ22C
qL[1]
2D1
2Λ2
+
Rb21gκ21C
qL[3]
2D1
2Λ2 +
Rb21gκ22C
qL[3]
2D1
2Λ2 −
Rb11gκ21C
qL[3]
2D1
2Λ2 −
Rb11gκ22C
qL[3]
2D1
2Λ2
dLγ
µdLZ2µ AdLZ2 =
Rb32C
qL[1]
LDl g˜v
2
L
Λ2 +
Rb32C
qL[3]
LDl g˜v
2
L
Λ2 +
Rb32C
qL
RDr g˜v
2
R
Λ2 −
Rb12gC
qL[1]
LDl v
2
L
Λ2 −
Rb12gC
qL[3]
LDl v
2
L
Λ2
−Rb22gC
qL
RDrv
2
R
Λ2 +
Rb12gκ21C
qL[1]
2D1
2Λ2 +
Rb22gκ22C
qL[1]
2D1
2Λ2 −
Rb22gκ21C
qL[1]
2D1
2Λ2 −
Rb12gκ22C
qL[1]
2D1
2Λ2
+
Rb22gκ21C
qL[3]
2D1
2Λ2 +
Rb22gκ22C
qL[3]
2D1
2Λ2 −
Rb12gκ21C
qL[3]
2D1
2Λ2 −
Rb12gκ22C
qL[3]
2D1
2Λ2
dRγ
µdRZ1µ AdRZ1 =
Rb31C
qR
LDlg˜v
2
L
Λ2 +
Rb31C
qR[1]
RDr g˜v
2
R
Λ2 +
Rb31C
qR[3]
RDr g˜v
2
R
Λ2 −
Rb11gC
qR
LDlv
2
L
Λ2 −
Rb21gC
qR[1]
RDr v
2
R
Λ2
−Rb21gC
qR[3]
RDr v
2
R
Λ2 +
Rb11gκ21C
qR[1]
2D1
2Λ2 +
Rb21gκ22C
qR[1]
2D1
2Λ2 −
Rb21gκ21C
qR[1]
2D1
2Λ2 −
Rb11gκ22C
qR[1]
2D1
2Λ2
+
Rb21gκ21C
qR[3]
2D1
2Λ2 +
Rb21gκ22C
qR[3]
2D1
2Λ2 −
Rb11gκ21C
qR[3]
2D1
2Λ2 −
Rb11gκ22C
qR[3]
2D1
2Λ2
dRγ
µdRZ2µ AdRZ2 =
Rb32C
qR
LDlg˜v
2
L
Λ2 +
Rb32C
qR[1]
RDr g˜v
2
R
Λ2 +
Rb32C
qR[3]
RDr g˜v
2
R
Λ2 −
Rb12gC
qR
LDlv
2
L
Λ2 −
Rb22gC
qR[1]
RDr v
2
R
Λ2
−Rb22gC
qR[3]
RDr v
2
R
Λ2 +
Rb12gκ21C
qR[1]
2D1
2Λ2 +
Rb22gκ22C
qR[1]
2D1
2Λ2 −
Rb22gκ21C
qR[1]
2D1
2Λ2 −
Rb12gκ22C
qR[1]
2D1
2Λ2
+
Rb22gκ21C
qR[3]
2D1
2Λ2 +
Rb22gκ22C
qR[3]
2D1
2Λ2 −
Rb12gκ21C
qR[3]
2D1
2Λ2 −
Rb12gκ22C
qR[3]
2D1
2Λ2
Table 34: Table 33 continued.
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7.3 Fermi Constant (GF ) and ρ parameter
The Fermi constant (GF )SM is defined using the information from muon decay µ− → e− + ν¯e + νµ
as [44]:
(GF )SM =
g2
4
√
2M2W
. (7.15)
In the context of the Standard Model, the ρ parameter is defined as [44]:
ρ =
M2W
M2Z cos
2 θw
. (7.16)
µ−
νµ
ν¯e
e−
µ−
νµ ν¯e
e−
W−
(a) (b)
Figure 6: Three-body decay of muon: µ− → e−+ ν¯e+νµ. This process gives an estimation
for Fermi constant (GF ). The (a) [•] depicts the modified Feynman vertex (renormalizable
+ corrections due to dimension-6 operators), and (b) [] represents the effective four-Fermi
vertex.
In the presence of the effective operators, there can be two fold contributions to the Fermi
constant: (i) through the modified µ−W − νµ, e−W − ν¯e vertices and gauge boson massMW , see
Fig. 6(a), and (ii) direct contributions from the dimension-6 four-fermion operators, Fig. 6(b). We
have encapsulated these contributions and computed the modified GF and ρ parameters for both
2HDM and MLRSM effective theories.
2HDM
The modified Fermi constant for 2HDM-EFT can be written as:
(GF )2HDM = (GF )SM
[
1− ∆M
2
W
v2
− 1
Λ2
(
e(eν)L + 
µ
(eν)L
− 2CLLM
2
W
g2
)]
. (7.17)
Here, CLL contains information regarding the four-fermion interactions involving {e, µ, νe, νµ}, see
Table 11. The vertex corrections e(eν)L , 
µ
(eν)L
are depicted in Tables 27, 28.
The rho-parameter for this effective scenario can be defined as
ρ¯ =
M2W
M2Z(1− sin2 θ¯w)
. (7.18)
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MLRSM
The modified Fermi constant for MLRSM-EFT can be written as:
(GF )MLRSM = g
2
4
√
2M2W1
[
1,e(eν)L + 
1,µ
(eν)L
+
1
Λ2
8
√
2ClLlLM2W1
g2
]
. (7.19)
Here, ClLlL contains information regarding the four-fermion interactions involving {e, µ, νe, νµ},
see Table 19. The vertex corrections 1,e(eν)L , 
1,µ
(eν)L
are depicted Tables 29, 30.
The modified rho-parameter for this effective scenario can be expressed as
ρ¯ =
M2W1
M2Z1(1− sin2 θ¯w)
. (7.20)
7.4 Oblique Parameters
The two-point vector boson correlation functions after including the radiative corrections, i.e., the
vacuum polarization can be written as [65, 69, 220]:
iΠµνViVj (p
2) = i
(
gµν − p
µpν
p2
)
ΠViVj (p
2) +
(
i
pµpν
p2
terms
)
, (7.21)
where Vi represents the vector boson in either unphysical Vi ∈ {W1,W2,W3, B} or physical {W,Z, γ}
basis and pµ is the external momentum, see Fig. 7. Note that γ represents the photon field Aµ.
µ ν
Vi Vj
p
Figure 7: The effective two-point vector boson correlation function. The [•] represents
the corrections due to the dimension-6 operators.
The vacuum polarization amplitudes ΠViVj (p
2) can be expanded as a polynomial in external
momentum (p2) as [65, 69, 220]:
ΠViVj (p
2) = [Π0 + Π2p
2 + Π4p
4 +O(p6)]ViVj . (7.22)
In [65], Peskin and Takeuchi had defined the oblique parameters S, T, U to grab the radiative
corrections to the tree-level correlation functions. These variables also capture the new physics
effects.
– 78 –
These S, T, U parameters can be defined in both unphysical and physical gauge boson basis as
[65, 69, 220, 221]:
S = −4 cos θw sin θw
α
Π′W3B(0) (7.23)
= −4 cos
2 θw sin
2 θw
m2Zα
[
ΠZZ(m
2
Z)−ΠZZ(0)−Πγγ(m2Z)
−cos
2 θw − sin2 θw
cos θw sin θw
(
ΠγZ(m
2
Z)−ΠγZ(0)
)]
,
T =
1
αm2W
(
ΠW1W1(0)−ΠW3W3(0)
)
(7.24)
=
1
α
[ΠWW (0)
m2W
− ΠZZ(0)
m2Z
− 2 sin θwΠγZ(0)
cos θwm2Z
]
,
U =
4 sin2 θw
α
(
Π′W1W1(0)−Π′W3W3(0)
)
(7.25)
= −4 sin
2 θw
α
[(ΠWW (m2W )−ΠWW (0)
m2W
)
− cos2 θw
(ΠZZ(m2Z)−ΠZZ(0)
m2Z
)
−2 cos θw sin θw
(ΠγZ(m2Z)−ΠγZ(0)
m2Z
)
− sin2 θw Πγγ(m
2
Z)
m2Z
]
,
where α = e2/4pi is the Fine structure constant.
Here, for unphysical basis
Π′ViVj (0) =
dΠViVj
dp2
∣∣∣
p2=0
, ΠW1W1(p
2) = ΠW2W2(p
2),
and for physical basis, we have
Π′ViVj (0) =
(ΠViVj (p2)−ΠViVJ (0)
p2
)∣∣∣
p2=0
, Πγγ(0) = ΠγZ(0) = 0.
φ4D2 and φ2X2 operators: Modifications in vacuum polarisation functions
In the earlier paragraph, we have discussed the general structure of the oblique parameters.
Based on that, the S, T, U parameters are computed in the context of renormalizable 2HDM [222]
and extended gauge scenarios [84, 223]. These oblique parameters get additional contributions in
the presence of the effective operators [82, 86, 224]. Here, we will focus on the computation of
S, T, U parameters specifically for 2HDM- and MLRSM-EFT scenarios.
We have noted how the φ2X2 operators redefine the gauge fields, and the φ4D2 operators
affect the gauge boson mass terms which are bilinear in gauge fields. In the process, both classes
of operators modify the two-point gauge field correlation functions, see Fig. 7.
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2HDM
The part of the effective 2HDM lagrangian that is bilinear in gauge fields is given in unphysical
basis as :
LW1W1 =
1
2
W1µ
(−∂2gµν + ∂µ∂ν)W1ν (1 + 2ΘWW
Λ2
)
+ (
1
2
W1µW
µ
1 )
[1
4
g2(v21 + v
2
2) (7.26)
+
g2
4Λ2
(C12(1)(1)φD v2v31 + C12(1)(2)φD v22v21 + C21(2)(2)φD v32v1 + 2v21ΘWW + 2v22ΘWW )],
LW3W3 =
1
2
W3µ
(−∂2gµν + ∂µ∂ν)W3ν (1 + 2ΘWW
Λ2
)
+ (
1
2
W3µW
µ
3 )
[1
4
g2(v21 + v
2
2) +
gg′ΘW3B
4Λ2
(
v21 + v
2
2
)
+
g2
8Λ2
(
C(1)11(1)φD v41 + 2C(1)21(1)φD v2v31 + 2C12(1)(1)φD v2v31 + 2C12(1)(2)φD v22v21 + C(1)22(1)φD v22v21
+C(2)11(2)φD v22v21 + 2C21(2)(2)φD v32v1 + 2C(2)22(1)φD v32v1 + C2(22)2φD v42 + 4ΘWW (v21 + v22)
)]
, (7.27)
LW3B = W3µ
(−∂2gµν + ∂µ∂ν)Bν (−ΘW3B
Λ2
)
+W3µB
µ
[
− 1
4
gg′(v21 + v
2
2)−
gg′(ΘBB + ΘWW )
4Λ2
(v21 + v
2
2)−
ΘW3B
8Λ2
(g2 + g′2)(v21 + v
2
2)
− gg
′
8Λ2
(
C(1)11(1)φD v41+2C(1)21(1)φD v2v31 + 2C12(1)(1)φD v2v31 + 2C12(1)(2)φD v22v21 + C(1)22(1)φD v22v21
+C(2)11(2)φD v22v21+2C21(2)(2)φD v32v1 + 2C(2)22(1)φD v32v1 + C2(22)2φD v42
)]
, (7.28)
LBB = 1
2
Bµ
(−∂2gµν + ∂µ∂ν)Bν (1 + 2ΘBB
Λ2
)
+(
1
2
BµB
µ)
[1
4
g′2(v21 + v
2
2) +
ΘBBg
′2
2Λ2
(v21 + v
2
2) +
gg′ΘW3B
4Λ2
(v21 + v
2
2)
+
g′2
8Λ2
(
C(1)11(1)φD v41+2C(1)21(1)φD v2v31 + 2C12(1)(1)φD v2v31 + 2C12(1)(2)φD v22v21 + C(1)22(1)φD v22v21
+C(2)11(2)φD v22v21+2C21(2)(2)φD v32v1 + 2C(2)22(1)φD v32v1 + C2(22)2φD v42
)]
. (7.29)
We can relate the ΠµνV V (p
2) with the relevant part of the Fourier-transformed (FT ) lagrangian as:
ΠµνViVj (p
2)ViµVjν = FT {LViVj},
and these can be written in terms of ΠViVj :
iΠµνW1W1(p
2) = i
(
gµν − p
µpν
p2
)
ΠW1W1(p
2), (7.30)
iΠµνW3W3(p
2) = i
(
gµν − p
µpν
p2
)
ΠW3W3(p
2), (7.31)
iΠµνW3B(p
2) = i
(
gµν − p
µpν
p2
)
ΠW3B(p
2), (7.32)
iΠµνBB(p
2) = i
(
gµν − p
µpν
p2
)
ΠBB(p
2). (7.33)
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Now the ΠViVj (p
2) can be expressed as:
ΠW1W1(p
2) = p2
(
1 +
2ΘWW
Λ2
)
+
g2
4
(v21 + v
2
2)
+
g2
4Λ2
[
C12(1)(1)φD v2v31 + C12(1)(2)φD v22v21+C21(2)(2)φD v32v1 + 2v21ΘWW + 2v22ΘWW
]
, (7.34)
ΠW3W3(p
2) = p2
(
1 +
2ΘWW
Λ2
)
+
g2
4
(v21 + v
2
2) +
gg′ΘW3B
4Λ2
(
v21 + v
2
2
)
+
g2
8Λ2
[
C(1)11(1)φD v41+2C(1)21(1)φD v2v31 + 2C12(1)(1)φD v2v31 + 2C12(1)(2)φD v22v21 + C(1)22(1)φD v22v21
+C(2)11(2)φD v22v21+2C21(2)(2)φD v32v1 + 2C(2)22(1)φD v32v1 + C2(22)2φD v42 + 4ΘWW (v21 + v22)
]
, (7.35)
ΠW3B(p
2) = −p
2ΘW3B
Λ2
− gg
′
4
(v21 + v
2
2)−
gg′(ΘBB + ΘWW )
4Λ2
(v21 + v
2
2)−
ΘW3B
8Λ2
(g2 + g′2)(v21 + v
2
2)
− gg
′
8Λ2
[
C(1)11(1)φD v41 + 2C(1)21(1)φD v2v31 + 2C12(1)(1)φD v2v31 + 2C12(1)(2)φD v22v21 + C(1)22(1)φD v22v21
+C(2)11(2)φD v22v21+2C21(2)(2)φD v32v1 + 2C(2)22(1)φD v32v1 + C2(22)2φD v42
]
, (7.36)
ΠBB(p
2) = p2
(
1 +
2ΘBB
Λ2
)
+
g′2
4
(v21 + v
2
2) +
ΘBBg
′2
2Λ2
(v21 + v
2
2) +
gg′ΘW3B
4Λ2
(v21 + v
2
2)
+
g′2
8Λ2
[
C(1)11(1)φD v41+2C(1)21(1)φD v2v31 + 2C12(1)(1)φD v2v31 + 2C12(1)(2)φD v22v21 + C(1)22(1)φD v22v21
+C(2)11(2)φD v22v21+2C21(2)(2)φD v32v1 + 2C(2)22(1)φD v32v1 + C2(22)2φD v42
]
. (7.37)
Then recasting these ΠViVj (p
2) in Eqs. 7.23, 7.24, 7.25, we can construct the oblique parameters
for 2HDM-EFT scenario as:
S =
4 sin θw cos θw
αΛ2
[
C11φWBv21+v2v1(C12φWB + C21φWB) + C22φWBv22
]
, (7.38)
T = − g
8αΛ2M2W
[
gC(1)11(1)φD v41 + 2C11φWB
(
v21 + v
2
2
)
v21g
′
+v2
(
2C22φWBv2v21g′ + 2C22φWBv32g′ + gC(1)22(1)φD v2v21 + gC(2)11(2)φD v2v21 + gC2(22)2φD v32
+2gC(1)21(1)φD v31 + 2C12φWBv1g′
(
v21 + v
2
2
)
+ 2C21φWBv31g′ + 2C21φWBv22v1g′ + 2gC(2)22(1)φD v22v1
)]
,
U = 0.
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MLRSM
Using the same principle followed in 2HDM-EFT, vacuum polarization amplitudes ΠViVj (p
2) in case
of MLRSM-EFT can be given as:
ΠWLWL(p
2) = p2
(
1 + 2
ΘWLL
Λ2
)
+
1
8
(
2g2κ21 + 2g
2κ22 + 4g
2v2L
)
+
1
8Λ2
[
2g2κ21C(2)rL(1)φD vLvR + g2C(L)rR(l)φD v2Lv2R + 8g2v2LΘWLL + 2g2κ21C{21}{(L)(l)}φD v2L
+2g2κ22C{21}{(L)(l)}φD v2L + g2κ21C21(L)(l)φD v2L + g2κ22C21(L)(l)φD v2L + 2g2κ21C(L)11(l)φD v2L + 2g2κ22C(L)11(l)φD v2L
+2g2κ1κ2CL(l)1(1)φD v2L + g2κ21C{Ll}{(2)(1)}φD v2L + g2κ22C{Ll}{(2)(1)}φD v2L + g2κ21CLl(2)(1)φD v2L
+2g2v4L(C{Ll}{(L)(l)}φD + CL(l)L(l)φD + CLl(Ll) ) + g2κ21C{Rr}{(2)(1)}φD v2R + g2κ22C{Rr}{(2)(1)}φD v2R
+g2κ21CRr(2)(1)φD v2R + 4g2κ21ΘWLL + 4g2κ22ΘWLL − 8g2κ1κ2ΘWRL − 4g2κ21κ22C1(1)1(1)φD + g2κ41C(11)(22)φD
+g2κ42C(11)(22)φD + 2g2κ1κ32C(11)(22)φD + 2g2κ21κ22C(11)(22)φD + 2g2κ31κ2C(11)(22)φD − 4g2κ21κ22C2(1)1(1)φD
+g2κ41C{(2)(1)}{21}φD + g2κ42C{(2)(1)}{21}φD + 2g2κ21κ22C{(2)(1)}{21}φD + g2κ41C(2)(1)21φD + g2κ42C(2)(1)21φD
+8g2κ21κ
2
2C2(1)2(1)φD
]
, (7.39)
ΠWRWR(p
2) = p2
(
1 + 2
ΘWRR
Λ2
)
+
1
8
(
2g2κ21 + 2g
2κ22 + 4g
2v2R
)
(7.40)
+
1
8Λ2
[
2g2κ22C(2)rL(1)φD vLvR + g2C(R)lL(r)φD v2Lv2R + g2κ21C{Ll}{(2)(1)}φD v2L + g2κ22C{Ll}{(2)(1)}φD v2L
+g2κ22CLl(2)(1)φD v2L + 8g2v2RΘWRR + 2g2κ21C{21}{(R)(r)}φD v2R + 2g2κ22C{21}{(R)(r)}φD v2R
+g2κ21C21(R)(r)φD v2R + g2κ22C21(R)(r)φD v2R + 2g2κ21C(R)11(r)φD v2R + 2g2κ22C(R)11(r)φD v2R
−2g2κ22CR(r)1(1)φD v2R + g2κ21C{Rr}{(2)(1)}φD v2R + g2κ22C{Rr}{(2)(1)}φD v2R + g2κ22CRr(2)(1)φD v2R
+2g2v4R(C{Rr}{(R)(r)}φD + CR(r)R(r)φD + CRr(Rr) )− 8g2κ1κ2ΘWLR + 4g2κ21ΘWRR + 4g2κ22ΘWRR
−4g2κ21κ22C1(1)1(1)φD + g2κ41C(11)(22)φD + g2κ42C(11)(22)φD + 2g2κ1κ32C(11)(22)φD + 2g2κ21κ22C(11)(22)φD
+2g2κ31κ2C(11)(22)φD − 4g2κ21κ22C2(1)1(1)φD + g2κ41C{(2)(1)}{21}φD + g2κ42C{(2)(1)}{21}φD
+2g2κ21κ
2
2C{(2)(1)}{21}φD + 2g2κ21κ22C(2)(1)21φD + 2g2κ41C2(1)2(1)φD + 2g2κ42C2(1)2(1)φD + 4g2κ21κ22C2(1)2(1)φD
]
,
ΠWLWR(p
2) = − 1
8Λ2
p2 (−8ΘWLR − 8ΘWRL)−
1
2
g2κ1κ2
+
1
8Λ2
[
g2v2L
(
C(L)rL(r)φD v2R + 4ΘWLR − κ2
(
κ2CL(l)1(1)φD + κ1(2C{Ll}{(2)(1)}φD + CLl(2)(1)φD )
))
+g2vLvR
(− 2κ2κ1C(2)rL(1)φD + κ21(C(L)11(r)φD + C(L)12(r)φD + C(R)11(l)φD ) + κ22(C(L)11(r)φD + C(L)12(r)φD
+C(R)11(l)φD )
)
+ 4g2v2RΘWRL + g
2κ2κ1CR(r)1(1)φD v2R − 2g2κ2κ1C{Rr}{(2)(1)}φD v2R − g2κ2κ1CRr(2)(1)φD v2R
−4g2κ2κ1ΘWLL + 2g2κ21ΘWLR + 2g2κ22ΘWLR + 2g2κ21ΘWRL + 2g2κ22ΘWRL − 4g2κ2κ1ΘWRR
+2g2κ2κ
3
1C1(1)1(1)φD + 2g2κ32κ1C1(1)1(1)φD − 2g2κ2κ31C(11)(22)φD − 4g2κ22κ21C(11)(22)φD − 2g2κ32κ1C(11)(22)φD
+2g2κ2κ
3
1C2(1)1(1)φD + 2g2κ32κ1C2(1)1(1)φD − 2g2κ2κ31C{(2)(1)}{21}φD − 2g2κ32κ1C{(2)(1)}{21}φD
−g2κ2κ31C(2)(1)21φD − g2κ32κ1C(2)(1)21φD − 4g2κ2κ31C2(1)2(1)φD − 4g2κ32κ1C2(1)2(1)φD
]
, (7.41)
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ΠW3LW3L(p
2) = p2
(
1 + 2
Θ3L3L
Λ2
)
+
1
8
(
2g2κ21 + 2g
2κ22 + 8g
2v2L
)
+
1
8Λ2
[
4g2κ21Θ3L3L + 4g
2κ22Θ3L3L + 16g
2Θ3L3Lv
2
L − 4g2κ21Θ3L3R − 4g2κ22Θ3L3R − 16gΘ3LB g˜v2L
+2g2κ22C(2)rL(1)φD vLvR + 4g2C(L)rR(l)φD v2Lv2R + 4g2κ21C{21}{(L)(l)}φD v2L + 4g2κ22C{21}{(L)(l)}φD v2L
+4g2κ21C21(L)(l)φD v2L + 8g2κ22C(L)11(l)φD v2L + 4g2κ21CL(l)1(1)φD v2L + g2κ21C{Ll}{(2)(1)}φD v2L
+g2κ22C{Ll}{(2)(1)}φD v2L + g2κ21CLl(2)(1)φD v2L + 4g2v4L(C{Ll}{(L)(l)}φD + 4CL(l)L(l)φD ) + g2κ21C{Rr}{(2)(1)}φD v2R
+g2κ22C{Rr}{(2)(1)}φD v2R + g2κ21CRr(2)(1)φD v2R − 2g2κ41C1(1)1(1)φD − 2g2κ42C1(1)1(1)φD + 4g2κ41C(11)(22)φD
+4g2κ42C(11)(22)φD − 2g2κ41C2(1)1(1)φD − 2g2κ42C2(1)1(1)φD + g2κ41C{(2)(1)}{21}φD + g2κ42C{(2)(1)}{21}φD
+2g2κ21κ
2
2C{(2)(1)}{21}φD + g2κ41C(2)(1)21φD + g2κ42C(2)(1)21φD + 4g2κ41C2(1)2(1)φD + 4g2κ42C2(1)2(1)φD
]
, (7.42)
ΠW3LW3R(p
2) = 4p2
Θ3L3R
Λ2
+
1
4
(−2g2κ21 − 2g2κ22)
+
1
4Λ2
[
− 2g2κ21Θ3L3L − 2g2κ22Θ3L3L + gv2L
(
8gΘ3L3R − 8Θ3RB g˜ + 4gC(L)rL(r)φD v2R − 2gκ21CL(l)1(1)φD
−gκ21C{Ll}{(2)(1)}φD − gκ22C{Ll}{(2)(1)}φD − gκ21CLl(2)(1)φD
)
+ 4g2κ21Θ3L3R + 4g
2κ22Θ3L3R + 8g
2Θ3L3Rv
2
R
−8gΘ3LB g˜v2R − 2g2κ21Θ3R3R − 2g2κ22Θ3R3R + 2g2κ22vLvR(2(C(L)11(r)φD + C(L)12(r)φD + C(R)11(l)φD )
−C(2)rL(1)φD ) + g2κ21v2R(2CR(r)1(1)φD − C{Rr}{(2)(1)}φD − CRr(2)(1)φD )− g2κ22C{Rr}{(2)(1)}φD v2R
+g2κ41(2C1(1)1(1)φD − 4C(11)(22)φD + 2C2(1)1(1)φD − C{(2)(1)}{21}φD − C(2)(1)21φD − 4C2(1)2(1)φD )
+g2κ42(2C1(1)1(1)φD − 4C(11)(22)φD + 2C2(1)1(1)φD − C{(2)(1)}{21}φD − C(2)(1)21φD − 4C2(1)2(1)φD )
−2g2κ22κ21C{(2)(1)}{21}φD
]
, (7.43)
ΠW3RW3R(p
2) = p2
(
1 + 2
Θ3R3R
Λ2
)
+
1
8
(
2g2κ21 + 2g
2κ22 + 8g
2v2R
)
+
1
8Λ2
[
− 4g2κ21Θ3L3R − 4g2κ22Θ3L3R + 4g2κ21Θ3R3R + 4g2κ22Θ3R3R + 16g2Θ3R3Rv2R
−16gΘ3RB g˜v2R + 2g2κ22C(2)rL(1)φD vLvR + 4g2C(R)lL(r)φD v2Lv2R + g2κ21C{Ll}{(2)(1)}φD v2L
+g2κ22C{Ll}{(2)(1)}φD v2L + g2κ21CLl(2)(1)φD v2L + 4g2κ21C{21}{(R)(r)}φD v2R + 4g2κ22C{21}{(R)(r)}φD v2R
+4g2κ21C21(R)(r)φD v2R + 8g2κ22C(R)11(r)φD v2R − 4g2κ21CR(r)1(1)φD v2R + g2κ21C{Rr}{(2)(1)}φD v2R
+g2κ22C{Rr}{(2)(1)}φD v2R + g2κ21CRr(2)(1)φD v2R + 4g2v4R(C{Rr}{(R)(r)}φD + 4CR(r)R(r)φD )− 2g2κ41C1(1)1(1)φD
−2g2κ42C1(1)1(1)φD + 4g2κ41C(11)(22)φD + 4g2κ42C(11)(22)φD − 2g2κ41C2(1)1(1)φD − 2g2κ42C2(1)1(1)φD
+g2κ41C{(2)(1)}{21}φD + g2κ42C{(2)(1)}{21}φD + 2g2κ21κ22C{(2)(1)}{21}φD + g2κ41C(2)(1)21φD + g2κ42C(2)(1)21φD
+4g2κ41C2(1)2(1)φD + 4g2κ42C2(1)2(1)φD
]
, (7.44)
ΠW3LB(p
2) = p2
Θ3LB
Λ2
− gg˜v2L
+
1
4Λ2
[
− 4gΘ3L3Lg˜v2L − gg˜v2R
(
4Θ3L3R + κ
2
1CR(r)1(1)φD
)
+ g2κ21Θ3LB + g
2κ22Θ3LB
+4Θ3LB (g˜)
2
v2R + 4Θ3LB
(
g2 + (g˜)
2
)
v2L − g2
(
κ21 + κ
2
2
)
Θ3RB − 4gΘBB g˜v2L
−2gκ22g˜vLvR(C(L)11(r)φD + C(L)12(r)φD + C(R)11(l)φD )− 2gg˜v2Lv2R(C(L)rL(r)φD + C(L)rR(l)φD )
−2gκ21C{21}{(L)(l)}φD g˜v2L − 2gκ22C{21}{(L)(l)}φD g˜v2L − 2gκ21C21(L)(l)φD g˜v2L − 4gκ22C(L)11(l)φD g˜v2L
−gκ21CL(l)1(1)φD g˜v2L − 2gg˜v4L(C{Ll}{(L)(l)}φD + 4CL(l)L(l)φD )
]
, (7.45)
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ΠW3RB(p
2) = p2
Θ3RB
Λ2
− gg˜v2R
+
1
4Λ2
[
− gg˜v2L
(
4Θ3L3R − κ21CL(l)1(1)φD
)
− g2 (κ21 + κ22)Θ3LB − 4gΘ3R3Rg˜v2R + g2κ21Θ3RB
+g2κ22Θ3RB + 4Θ3RB (g˜)
2
v2L + 4Θ3RB
(
g2 + (g˜)
2
)
v2R − 4gΘBB g˜v2R
−2gκ22g˜vLvR(C(L)11(r)φD + C(L)12(r)}φD + C(R)11(l)φD )− 2gg˜v2Lv2R(C(L)rL(r)φD + C(R)lL(r)φD )
−2gκ21C{21}{(R)(r)}φD g˜v2R − 2gκ22C{21}{(R)(r)}φD g˜v2R − 2gκ21C21(R)(r)φD g˜v2R − 4gκ22C(R)11(r)φD g˜v2R
+gκ21CR(r)1(1)φD g˜v2R − 2gg˜v4R(C{Rr}{(R)(r)}φD + 4CR(r)R(r)φD )
]
, (7.46)
ΠBB(p
2) =
1
2
g˜
(
2g˜v2L + 2g˜v
2
R
)
+
g˜
2Λ2
[
− 4gΘ3LBv2L − 4gΘ3RBv2R + 4ΘBB g˜v2L + 4ΘBB g˜v2R
+2κ22g˜vLvR(C(L)11(r)φD + C(L)12(r)φD + C(R)11(l)φD ) + g˜v2Lv2R(2C(L)rL(r)φD + C(L)rR(l)φD + C(R)lL(r)φD )
+κ21C{21}{(L)(l)}φD g˜v2L + κ22C{21}{(L)(l)}φD g˜v2L + κ21C21(L)(l)φD g˜v2L + 2κ22C(L)11(l)φD g˜v2L + g˜v4L(C{Ll}{(L)(l)}φD
+4CL(l)L(l)φD ) + κ21C{21}{(R)(r)}φD g˜v2R + κ22C{21}{(R)(r)}φD g˜v2R + κ21C21(R)(r)φD g˜v2R + 2κ22C(R)11(r)φD g˜v2R
+g˜v4R(C{Rr}{(R)(r)}φD + 4CR(r)R(r)φD )
]
. (7.47)
Using the rotation matrices R˜a,b, see Eq. 5.29, we can define these ΠViVj (p2) in the physical
basis as follows:
ΠW1W1 = ΠWLWL(R˜11a )2 + 2ΠWLWRR˜11a R˜21a + ΠWRWR(R˜21a )2, (7.48)
ΠW1W2 = ΠWLWLR˜11a R˜a12 + ΠWLWR(R˜a11R˜a22 + R˜a12R˜a21) + ΠWRWRR˜a21R˜a22,
ΠW2W2 = ΠWLWL(R˜a12)2 + 2ΠWLWRR˜a11R˜a22 + ΠWRWR(R˜a22)2,
ΠZ1Z1 = ΠBB(R˜b31)2 + 2ΠW3LBR˜b11R˜b31 + ΠW3LW3L(R˜b11)2 + 2ΠW3LW3RR˜b11R˜b21 + 2ΠW3RBR˜b21R˜b31
+ΠW3RW3R(R˜b21)2,
ΠZ2Z2 = ΠBB(R˜b32)2 + 2ΠW3LBR˜b12R˜b32 + ΠW3LW3L(R˜b12)2 + 2ΠW3LW3RR˜b12R˜b22 + 2ΠW3RBR˜b22R˜b32
+ΠW3RW3R(R˜b22)2,
ΠZ1Z2 = ΠBBR˜b31R˜b32 + ΠW3LB(R˜b11R˜b32 + R˜b12R˜b31) + ΠW3LW3LR˜b11R˜b12 + ΠW3LW3R(R˜b11R˜b22 + R˜b12R˜b21)
+ΠW3RB(R˜b21R˜b32 + R˜b22R˜b31) + ΠW3RW3RR˜b21R˜b22,
Πγγ = ΠBB(R˜b33)2 + 2ΠW3LBR˜b13R˜b33 + ΠW3LW3L(R˜b13)2 + 2ΠW3LW3RR˜b13R˜b23 + 2ΠW3RBR˜b23R˜b33
+ΠW3RW3R(R˜b23)2,
ΠZ1γ = ΠBBR˜b31R˜b33 + ΠW3LB(R˜b11R˜b33 + R˜b13R˜b31) + ΠW3LW3LR˜b11R˜b13 + ΠW3LW3R(R˜b11R˜b23 + R˜b13R˜b21)
+ΠW3RB(R˜b21R˜b33 + R˜b23R˜b31) + ΠW3RW3RR˜b21R˜b23,
ΠZ2γ = ΠBBR˜b32R˜b33 + ΠW3LB(R˜b12R˜b33 + R˜b13R˜b32) + ΠW3LW3LR˜b12R˜b13 + ΠW3LW3R(R˜b12R˜b23 + R˜b13R˜b22)
+ΠW3RB(R˜b22R˜b33 + R˜b23R˜b32) + ΠW3RW3RR˜b22R˜b23.
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Now the oblique parameters (S, T, U) for MLRSM-EFT scenario can be constructed using
Eqs. 7.23, 7.24, 7.25. We need to keep in mind that in order to define the S, T, U parameters, we
should use only SM like gauge bosons W±1 , Z1, γ.
7.5 Magnetic moments of charged fermions
The charged fermions can couple to the gauge field strength tensors through effective ψ2φX class
of dimension-6 operators, see Fig. 8(a). Here, we are mostly interested in the coupling between
the charged leptons and quarks with the electromagnetic field strength tensor (f¯LσµνfRA
µν) which
lead to their respective magnetic moments (f). There are contributions to the anomalous magnetic
moments of the charged leptons (τ, µ, e) due to the modified interactions in the presence of charged
scalars, see Figs. 8(b), (c).
2HDM
The magnetic moment interactions between the charged leptons, and quarks with the elecromagnetic
field tensor (Aµν) in presence of ψ
2φX operators (see Table 7) within 2HDM-EFT framework are
given as:
l¯Lσ
µν lR Aµν :
1√
2Λ2
[(C1eBv1 + C2eBv2) cos θw − (C1eW v1 + C2eW v2) sin θw] ,
u¯Lσ
µνuRAµν :
1√
2Λ2
[(
C1˜uBv1 + C2˜uBv2
)
cos θw +
(
C1˜uW v1 + C2˜uW v2
)
sin θw
]
,
d¯Lσ
µνdRAµν :
1√
2Λ2
[(C1dBv1 + C2dBv2) cos θw − (C1dW v1 + C2dW v2) sin θw] .
The magnetic moments of the charged leptons get additional contributions due to their modified
couplings with the singly charged scalars (H±), see Table 35 and Fig. 8(b). There will be similar
contributions to the quark magnetic moments which are not explicitly mentioned here.
Vertex 2HDM: Effective vertex (ν¯ e−H+) factor
[
ν¯ e− H+
]
lm
[
ye2sβ¯+
− ye1cβ¯+ +
1
2Λ2
(
−A11+ ye1sβ+ −A22+ ye2sβ+ +A11+ ye1cβ+ +A12+ ye2cβ+
+v21
(
C1(11)Le cβ+ − C
2(11)
Le sβ+
)
+ v1v2
(
(C1(12)Le + C
1(21)
Le )cβ+
−(C2(12)Le + C
2(21)
Le )sβ+
)
+v22
(
C1(22)Le cβ+ − C
2(22)
Le sβ+
))]
lm
Table 35: 2HDM: Coupling of Singly charged scalar with a charged lepton and a neutrino.
Here, sθi = sin θi, cθi = cos θi and l,m are the fermion family indices.
MLRSM
The magnetic moment interactions between the charged leptons and quarks with the electromag-
netic field strength tensor (Aµν) in the presence of ψ
2φX operators (see Table 16) within MLRSM-
– 85 –
fR
Aµν
f¯L
(a) ψ2φX: effective magnetic moment vertex
li
lm(ν)
lj
γ
δ∓∓(H∓) δ∓∓(H∓)
(b) li → ljγ: singly and doubly charged scalars
li
δ∓∓
lj
γ
lmlm
(c) li → ljγ: doubly charged scalars
Figure 8: Feynman diagram representing the magnetic moment interactions of charged
fermions: (a) ψ2φX ⇒ class of effective operators [] leading to magnetic moment inter-
actions f¯LσµνfRA
µν with f representing charged fermions. (b) and (c) modified vertices
[•] lead to radiative decay of charged leptons (li → ljγ). For i = j = τ, µ, e, both diagrams
contribute to the magnetic moment of charged leptons.
EFT framework are given as:
l¯Lσ
µν lRAµν : − 1√
2Λ2
[(
κ2C1WLlLlR + κ1C3WLlLlR
)
sin θw +
(
κ2C1WRlLlR + κ1C3WRlLlR
)
sin θ1 cos θw
]
,
u¯Lσ
µνuRAµν :
1√
2Λ2
[(
κ1C1WLqLqR + κ2C3WLqLqR
)
sin θw +
(
κ1C1WRqLqR + κ2C3WRqLqR
)
sin θ1 cos θw
]
,
d¯Lσ
µνdRAµν : − 1√
2Λ2
[(
κ2C1WLqLqR + κ1C3WLqLqR
)
sin θw +
(
κ2C1WRqLqR + κ1C3WRqLqR
)
sin θ1 cos θw
]
.
The modified interactions involving singly (H±) and doubly (δ±±) charged scalars provide
additional contributions to the magnetic moments of the charged leptons, see Tables 36, 37 and
Figs. 8(b), (c). There will be similar contributions to the quark magnetic moments through their
couplings with singly charged scalars. The vertices are not explicitly depicted here.
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Vertex MLRSM : Effective vertex (ν¯ e−H+) factor
Majorana type interactions[
(eL)c νL δ
+
L
]
lm
[
yM√
2
+ 1
2
√
2Λ2
(
−yMA44+ + v2L(−C
l(Ll)
lL
− ClLllL )− C
l(Rr)
lL
v2R − κ2+C
l(21)
lL
− κ21Cl21lL − 2κ1κ2C
l(23)
lL
−2κ1κ2Cl(41)lL
)]
lm[
(eR)c νR δ
+
R
]
lm
[
yM√
2
+ 1
2
√
2Λ2
(
−yMA33+ − Cr(Ll)lR v
2
L + v
2
R(−C
r(Rr)
lR
− CrRrlR )− κ
2
+Cr(21)lR − κ
2
1Cr21lR − 2κ1κ2C
r(23)
lR
−2κ1κ2Cr(41)lR
)]
lm
...
...
Dirac type interactions
...
...[
νL eR φ
′+
1
]
lm
[
1
κ+
(κ1y˜D − κ1yD) + 12κ+Λ2
(
κ1 (yD − y˜D)A11+ + κ2 (y˜D − yD)A12+ + κ31C1(21)lLlR
+κ1κ22C1(21)lLlR + 2κ
2
1κ2C1(23)lLlR + 2κ
2
1κ2C1(41)lLlR − κ
3
2C3(21)lLlR − κ
2
1κ2C3(21)lLlR − 2κ1κ
2
2C3(23)lLlR − 2κ1κ
2
2C3(41)lLlR
)]
lm[
νR eL φ
′+
2
]
lm
[
1
κ+
(κ1y˜D − κ1yD) + 12κ+Λ2
(
κ2 (yD − y˜D)A12+ + κ1 (yD − y˜D)A22+ + κ31C1(21)lLlR
+κ1κ22C1(21)lLlR + 2κ
2
1κ2C1(23)lLlR + 2κ
2
1κ2C1(41)lLlR + κ
3
2C3(21)lLlR + κ
2
1κ2C3(21)lLlR + 2κ1κ
2
2C3(23)lLlR + 2κ1κ
2
2C3(41)lLlR
)]
lm
Table 36: MLRSM: Couplings of Singly charged scalars with a charged lepton and a
neutrino in unphysical basis. A few Majorana type and Dirac type interactions are listed.
Here, L,R represent the fermions belonging to SU(2)L, SU(2)R gauge groups respectively.
Vertex MLRSM: Effective vertex (e∓ e∓ δ±±) factor[
e∓
L
e∓
L
δ±±L
]
lm
[
yM − 12Λ2
(
yMA
22
++ + Cl(Ll)lL v2L + C
l(Rr)
lL
v2R + κ
2
1Cl(21)lL + κ22C
l(21)
lL
+ κ22Cl21lL + 2κ1κ2C
l(23)
lL
+ 2κ1κ2Cl(41)lL
)]
lm[
e∓
R
e∓
R
δ±±R
]
lm
[
yM − 12Λ2
(
yMA
11
++ + Cr(Ll)lR v2L + C
r(Rr)
lR
v2R + κ
2
1Cr(21)lR + κ22C
r(21)
lR
+ κ22Cr21lR + 2κ1κ2C
r(23)
lR
+ 2κ1κ2Cr(41)lR
)]
lm[
e∓
R
e∓
R
δ±±L
]
lm
1
Λ2
[− yM
2
A12++ − 12κ22Cl21lR − 12κ1κ2Cl23lR − 12κ1κ2Cl41lR
]
lm[
e∓
L
e∓
L
δ±±R
]
lm
1
Λ2
[− yM
2
A12++ − 12κ22Cr21lL − 12κ1κ2Cr23lL − 12κ1κ2Cr41lL
]
lm
Table 37: MLRSM: Coupling between the doubly charged scalar (δ±±) and a pair of same
signed charged lepton (e±). Here, the subscript L,R in the charged lepton (e) correspond
to the SU(2)L,R.
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7.6 Phenomenology involving charged scalars
The SM scalar sector contains only one Higgs doublet which takes part in the spontaneous electro-
weak symmetry breaking, and the Higgs mechanism predicts only one real scalar. Thus any sig-
nature supporting new scalars will signify the presence of BSM physics. In this section, we have
briefly outlined the interactions involving the charged scalars within the EFT framework. Both the
models, 2HDM and MLRSM, predict the existence of charged scalars. These charged scalars can
be produced through s-channel and Vector Boson Fusion (VBF) processes, see Figs. 9, and 10.
q
q¯
Z, γ
δ++(H+)
δ−−(H−)
Figure 9: Pair production of charged scalar (singly and doubly) through neutral gauge bo-
son propagator in s-channel. The [•] depicts the modified Feynman vertex (renormalizable
+ corrections due to dimension-6 operators).
W±
W±(Z)
δ±±(H±)
q4
q1
q2
q3 q1 q3
q2 q4
Z, γ,W±
Z, γ,W∓
δ++(H+)
δ−−(H−)
(a) (b)
Figure 10: (a) Production of single doubly (singly) charged scalar and (b) Pair production
of doubly (singly) charged scalars through Vector Boson Fusion (VBF). The [•] depicts the
modified Feynman vertex (renormalizable + corrections due to dimension-6 operators).
2HDM: Feynman vertices involving singly charged scalars
In the 2HDM scenario, due to the presence of an extra Higgs doublet, we have a physical singly
charged scalar particle (H±) which signifies a distinct departure from the Standard Model. Thus
analysis related to this charged scalar H± could pave a path to explore this model in the light
of present and future colliders. In this context, their pair production pp → H±H±, and leptonic
decay modes, see Table 35, need to be analyzed. As the interaction vertices are modified in the
presence of the dimension-6 operators, the predictions for cross sections and exclusion limits may
alter significantly. Thus it will be worthwhile to revisit the phenomenology involving the charged
scalars in [176–185, 225, 226] within the 2HDM-EFT framework.
MLRSM: Feynman vertices involving doubly charged scalars
The MLRSM scenario has been explored extensively in the context of the LHC and FCC,
considering only renormalizable interactions. In this paper, we have shown how those interactions
– 88 –
get modified once we include the dimension-6 effective operators. Here, instead of discussing all
possible phenomenology, we have highlighted a few channels which are considered to be the smoking
gun features of this model. One of the most striking aspects of this scenario is the presence of left
(∆L) and right (∆R) triplet Higgs multiplets that contain neutral, singly and doubly charged scalars.
The presence of doubly charged scalars makes this model phenomenologically attractive and
distinct. Our focus will be on the doubly charged scalars: their production (pp → δ++i δ−−j ) and
their decay modes to a pair of (i) charged leptons l±a l
±
b and (ii) charged gauge bosons W
±W±.
One of the most significant final states in this model is hadronically quiet four leptons (l±a l
±
b l
∓
c l
∓
d )
through neutral current s-channel processes [227–229], see Fig. 9. Apart from the s-channel process,
through the Vector Boson Fusion (VBF) [230–232], the following final states can be achieved: (i)
same-signed di-leptons (l±a l
±
b ) with 2 forward jets, see Fig. 10(a) and (ii) four leptons with 2 forwards
jets, see Fig. 10(b). In this paper, we have depicted the relevant Feynman vertices, see Fig. 11, in
Tables 37-46. In passing we would like to note that the phenomenology involving the singly charged
scalars will be very similar to that for 2HDM case which is already discussed in the previous segment.
The “Golden channel” [227, 233] involving heavy right-handed (N) leading to same signed charged
leptons and two jets also gets modified in presence of the effective interactions, see Tables 29, 30. The
phenomenology involving the charged scalars and right-handed neutrino within the renormlizable
MLRSM framework [213, 227–229, 234–243] needs to be revisited in the presence of the effective
operators.
δ±±(H±)
W±
W±(Z)
δ±±
l±a
l±b
δ++(H+)
δ−−(H−)
W+, Z, γ
W−, Z, γ
(a) δ±±(H±)−W± −W±(Z) (b) δ±± − l±a − l±b
(c) δ++(H+)− δ−−(H−)−W+, Z, γ −W−, Z, γ (d) Z, γ − δ++(H+)− δ−−(H−)
Z, γ
δ++(H+)
δ−−(H−)
Figure 11: Effective interaction vertices between charged scalars and gauge bosons in
MLRSM model. Decay of doubly charged scalar is driven by: (a) δ±±-W∓-W∓ and (b)
δ±±-l∓a -l
∓
b vertices. The vertex (c) δ
++(H+)-δ−−(H−)-W+-W− is relevant for VBF pro-
cess. The vertex (d) δ++(H+)-δ−−(H−)-Z(γ) participates in the s-channel pair production
of doubly (singly) charged scalar. The [•] depicts the modified Feynman vertex (renormal-
izable + corrections due to dimension-6 operators).
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Vertex 2HDM: Effective vertex (W± Z H∓) factor
W±µ Zµ H∓ − g
8
√
2
(
4g˜ sin θ˜w
)(
v1 cos β¯+ − v2 sin β¯+
)− g
8
√
2Λ2
(
4g˜ sin θwΘBB(−v2 sinβ+ + 4v1 cosβ+)
+ cos θ˜w
(
v1
(
2g˜ cosβ+ΘW3B + gv
2
2
(
(C(1)22(1)φD + C
(2)11(2)
φD ) cosβ+ − 3C
(2)22(1)
φD sinβ+
))− 2v2g˜ sinβ+ΘW3B
+gv31
(
2C(1)11(1)φD cosβ+ − C
(1)21(1)
φD sinβ+
)
+ gv2v21
(
3C(1)21(1)φD cosβ+ − (C
(1)22(1)
φD + C
(2)11(2)
φD ) sinβ+
)
+gv32
(C(2)22(1)φD cosβ+ − 2C2(22)2φD sinβ+))+ v31 g˜ sin θw(2C(1)11(1)φD cosβ+ − C(1)21(1)φD sinβ+)
+v21v2g˜ sin θw
(
(3C(1)21(1)φD + 4C
12(1)(1)
φD ) cosβ+ − (2C
12(1)(2)
φD + C
(1)22(1)
φD + C
(2)11(2)
φD ) sinβ+
)
+v1v22 g˜ sin θw
(
(2C12(1)(2)φD + C
(1)22(1)
φD + C
(2)11(2)
φD ) cosβ+ − (4C
21(2)(2)
φD + 3C
(2)22(1)
φD ) sinβ+
)
+v32 g˜ sin θw
(C(2)22(1)φD cosβ+ − 2C2(22)2φD sinβ+)+ 2v2g˜A22+ sin θw sinβ+ + 2v1g˜A11+ sin θw sinβ+
−2v2g˜A12+ sin θw cosβ+ − 2v1g˜A11+ sin θw cosβ+ − 4g˜ sin θwΘWW
(
v2 sinβ+ − v1 cosβφ+
))
Table 38: 2HDM: Coupling of charged scalar (H∓) with a charged gauge boson (W±)
and a neutral gauge boson (Z) .
Vertex MLRSM: Effective vertex (W±W± δ∓∓) factor
W±µL W
±
Lµ δ
∓∓
L − g
2vL
4
√
2
[
4 + 1
Λ2
(
−2A22++ + 8ΘWLL + 2v2L(C
{Ll}{(L)(l)}
φD + 2C
L(l)L(l)
φD ) + C
(L)rR(l)
φD v
2
R + 2κ
2
+C{21}{(L)(l)}φD
+κ2+C21(L)(l)φD + 2κ2+C
(L)11(l)
φD + 2κ1κ2C
L(l)1(1)
φD
)]
W±µL W
±
Rµ δ
∓∓
L − g
2
4
√
2Λ2
[(
vL
(
C(L)rL(r)φD v2R + 8ΘWLR − κ2+C
L(l)1(1)
φD
)
+ κ2+vR(C(L)11(r)φD + C
(L)12(r)}
φD + C
(R)11(l)
φD )
)]
W±µR W
±
Rµ δ
∓∓
L
g2vRA
12
++
2
√
2Λ2
W±µR W
±
Rµ δ
∓∓
R − g
2vR
4
√
2
[
4 + 1
Λ2
(
−2A11++ + 8ΘWRR + C(R)lL(r)φD v2L + 2C
{Rr}{(R)(r)}
φD v
2
R + 4C
R(r)R(r)
φD v
2
R + 2κ
2
+C{21}{(R)(r)}φD
+κ2+C21(R)(r)φD + 2κ2+C
(R)11(r)
φD − κ2+C
R(r)1(1)
φD
)]
W±µR W
±
Lµ δ
∓∓
R − g
2
4
√
2Λ2
[(
C(L)rL(r)φD v2LvR + κ2+vL(C
(L)11(r)
φD + C
(L)12(r)
φD + C
(R)11(l)
φD ) + 2vR
(
4ΘWRL + κ1κ2CR(r)1(1)φD
))]
W±µL W
±
Lµ δ
∓∓
R
g2vLA
12
++
2
√
2Λ2
Table 39: MLRSM: Coupling of doubly charged scalar (δ±±) with a pair of same signed
charged gauge bosons (W±).
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Vertex MLRSM: Effective vertex (δ∓∓ δ±± Z1) factor
δ−−L δ
++
L Z
µ
1
(
kµ−− + k
µ
++
)(
−g˜cθ1cθ˜2sθw + g˜sθ1sθ˜2 + gcθ˜2cθw
)
+ 1
4Λ2
(
kµ−− + k
µ
++
) (
4g˜cθ1cθ2A
22
++sθw − 4g˜sθ1sθ2A22++
−cθ2sθ1sθw
(
4g˜Θ3RB + 4gΘ3L3R + gκ
2
2(−CL(l)1(1)φD )
)
+ 4g˜Θ3LBcθ2cθw − 4g˜Θ3RBcθ1sθ2 − 4g˜ΘBBcθ1cθ2sθw
+4g˜ΘBBsθ1sθ2 − 2C{Ll}{(L)(l)}φD g˜cθ1cθ2v2Lsθw − 2κ21g˜cθ1cθ2 (C
{21}{(L)(l)}
φD + 2C
(L)11(l)
φD )sθw
−2κ22C21(L)(l)φD g˜cθ1cθ2sθw + 2C
{Ll}{(L)(l)}
φD g˜v
2
Lsθ1sθ2 + 2κ
2
2C{21}{(L)(l)}φD g˜sθ1sθ2 + 2κ21g˜sθ1sθ2 (C
{21}{(L)(l)}
φD + 2C
(L)11(l)
φD )
+2κ22C21(L)(l)φD g˜sθ1sθ2 − 4gcθ2A22++cθw + 4gΘ3L3Lcθ2cθw + gsθ2
(
cθ1
(
κ22CL(l)1(1)φD − 4Θ3L3R
)
+ 4Θ3LBsθ1
)
−4gΘ3LBcθ1cθ2sθw + 2gC{Ll}{(L)(l)}φD cθ2v2Lcθw + gκ22cθ2cθw (2C
{21}{(L)(l)}
φD + 2C
21(L)(l)
φD + C
L(l)1(1)
φD )
+2gκ21cθ2 (C{21}{(L)(l)}φD + 2C
(L)11(l)
φD )cθw − 2κ22C
{21}{(L)(l)}
φD g˜cθ1cθ2sθw
)
δ−−R δ
++
R Z
µ
1 −
(
pµ−− + p
µ
++
)(
g˜cθ1cθ˜2
sθw − g˜sθ1sθ˜2 + gcθ1sθ˜2 + gcθ˜2sθ1sθw
)
− 1
4Λ2
(
pµ−− + p
µ
++
) (−4g˜cθ1cθ2A11++sθw
−4g˜Θ3LBcθ2cθw + 4g˜Θ3RBcθ1sθ2 + 4g˜Θ3RBcθ2sθ1sθw + 4g˜ΘBBcθ1cθ2sθw − 4g˜ΘBBsθ1sθ2
+2κ21g˜cθ1cθ2 (C{21}{(R)(r)}φD + 2C
(R)11(r)
φD )sθw + 2κ
2
2C{21}{(R)(r)}φD g˜cθ1cθ2sθw + 2κ22C
21(R)(r)
φD g˜cθ1cθ2sθw
−2C{Rr}{(R)(r)}φD g˜v2Rsθ1sθ2 − 2κ22C
{21}{(R)(r)}
φD g˜sθ1sθ2 − 2κ21g˜sθ1sθ2 (C
{21}{(R)(r)}
φD + 2C
(R)11(r)
φD )− 2κ22C
21(R)(r)
φD g˜sθ1sθ2
−4gcθ1sθ2A11++ − 4gcθ2sθ1A11++sθw − gcθ2cθw
(
4Θ3L3R + κ
2
2CR(r)1(1)φD
)
+ 4gΘ3R3Rcθ1sθ2 + 4gΘ3R3Rcθ2sθ1sθw
+4gΘ3RBcθ1cθ2sθw − 4gΘ3RBsθ1sθ2 + 2gC{Rr}{(R)(r)}φD cθ1v2Rsθ2 + 2gC
{Rr}{(R)(r)}
φD cθ2v
2
Rsθ1sθw
+gκ22cθ1sθ2 (2C{21}{(R)(r)}φD + 2C
21(R)(r)
φD − C
R(r)1(1)
φD ) + 2gκ
2
1cθ1sθ2 (C{21}{(R)(r)}φD + 2C
(R)11(r)
φD )
+2gκ21cθ2sθ1 (C{21}{(R)(r)}φD + 2C
(R)11(r)
φD )sθw + 2gκ
2
2C{21}{(R)(r)}φD cθ2sθ1sθw + 2gκ22C
21(R)(r)
φD cθ2sθ1sθw
+4g˜sθ1sθ2A
11
++ + 2C{Rr}{(R)(r)}φD g˜cθ1cθ2v2Rsθw − gκ22C
R(r)1(1)
φD cθ2sθ1sθw
)
δ∓∓L δ
±±
R Z
µ
1
1
2Λ2
(
−cθ1
(
g˜cθ2sθw
(
kµ∓∓ + p
µ
±±
)(
κ21(C(L)11(r)φD + C
(L)12(r)
φD + C
(R)11(l)
φD )− 2A12++
)
+ gsθ2
(
kµ∓∓
(
κ21(C(L)11(r)φD
+C(L)12(r)φD + C
(R)11(l)
φD )−A12++
)
−A12++pµ±±
))
+ g˜sθ1sθ2
(
kµ∓∓ + p
µ
±±
)(
κ21(C(L)11(r)φD + C
(L)12(r)
φD + C
(R)11(l)
φD )− 2A12++
)
+gcθ2
(
cθw
(
pµ±±
(
κ21(C(L)11(r)φD + C
(L)12(r)
φD + C
(R)11(l)
φD )−A12++
)
− kµ∓∓A12++
)
− sθ1sθw
(
kµ∓∓
(
κ21(C(L)11(r)φD + C
(L)12(r)
φD
+C(R)11(l)φD )−A12++
)
−A12++pµ±±
)))
Table 40: MLRSM: Coupling of a pair of doubly charged scalars (δ±±) with a neutral
gauge boson (Z1). Here, sθi = sin θi and cθi = cos θi. k
µ
±± and p
µ
±± are the four momenta
of δ±±L and δ
±±
R respectively. θ˜2 is the redefined angle defined in Eq. 6.102.
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Vertex MLRSM: Effective vertex (δ±± δ∓∓ Z2) factor
δ−−L δ
++
L Z
µ
2 −
(
kµ−− + k
µ
++
)(
g˜cθ˜2
sθ1 + g˜cθ1sθ˜2
sθw − gsθ˜2cθw
)
− 1
4Λ2
(
kµ−− + k
µ
++
) (−4g˜cθ2sθ1A22++ − 4g˜cθ1sθ2A22++sθw
+sθ1sθ2sθw
(
4g˜Θ3RB + 4gΘ3L3R + gκ
2
2(−CL(l)1(1)φD )
)
− 4g˜Θ3LBsθ2cθw − 4g˜Θ3RBcθ1cθ2 + 4g˜ΘBBcθ2sθ1
+4g˜ΘBBcθ1sθ2sθw + 2C{Ll}{(L)(l)}φD g˜cθ2v2Lsθ1 + 2C
{Ll}{(L)(l)}
φD g˜cθ1v
2
Lsθ2sθw + 2κ
2
2C{21}{(L)(l)}φD g˜cθ2sθ1
+2κ21g˜cθ2sθ1 (C{21}{(L)(l)}φD + 2C
(L)11(l)
φD ) + 2κ
2
1g˜cθ1sθ2 (C{21}{(L)(l)}φD + 2C
(L)11(l)
φD )sθw + 2κ
2
2C{21}{(L)(l)}φD g˜cθ1sθ2sθw
+2κ22C21(L)(l)φD g˜cθ2sθ1 + 2κ22C
21(L)(l)
φD g˜cθ1sθ2sθw + 4gsθ2A
22
++cθw − 4gΘ3L3Lsθ2cθw + gcθ2
(
cθ1
(
κ22CL(l)1(1)φD
−4Θ3L3R) + 4Θ3LBsθ1
)
+ 4gΘ3LBcθ1sθ2sθw − 2gC{Ll}{(L)(l)}φD v2Lsθ2cθw + gκ22sθ2cθw (−2C
{21}{(L)(l)}
φD − 2C
21(L)(l)
φD
−CL(l)1(1)φD )− 2gκ21sθ2 (C
{21}{(L)(l)}
φD + 2C
(L)11(l)
φD )cθw
)
δ−−R δ
++
R Z
µ
2
(
pµ−− + p
µ
++
) (−g˜cθ2sθ1 − g˜cθ1sθ2sθw + gcθ1cθ2 − gsθ1sθ2sθw)+ 14Λ2 (pµ−− + pµ++) (4g˜cθ2sθ1A11++ + 4g˜cθ1sθ2A11++sθw
+sθ2cθw
(
4g˜Θ3LB + 4gΘ3L3R + gκ
2
2CR(r)1(1)φD
)
+ 4g˜Θ3RBcθ1cθ2 − 4g˜Θ3RBsθ1sθ2sθw − 4g˜ΘBBcθ2sθ1 − 4g˜ΘBBcθ1sθ2sθw
−2C{Rr}{(R)(r)}φD g˜cθ2v2Rsθ1 − 2C
{Rr}{(R)(r)}
φD g˜cθ1v
2
Rsθ2sθw − 2κ22C
{21}{(R)(r)}
φD g˜cθ2sθ1 − 2κ21g˜cθ2sθ1 (C
{21}{(R)(r)}
φD
+2C(R)11(r)φD )− 2κ21g˜cθ1sθ2 (C
{21}{(R)(r)}
φD + 2C
(R)11(r)
φD )sθw − 2κ22C
{21}{(R)(r)}
φD g˜cθ1sθ2sθw − 2κ22C
21(R)(r)
φD g˜cθ2sθ1
−2κ22C21(R)(r)φD g˜cθ1sθ2sθw − 4gcθ1cθ2A11++ + 4gsθ1sθ2A11++sθw + 4gΘ3R3Rcθ1cθ2 − 4gΘ3R3Rsθ1sθ2sθw
−4gΘ3RBcθ2sθ1 − 4gΘ3RBcθ1sθ2sθw + 2gC{Rr}{(R)(r)}φD cθ1cθ2v2R + gκ22cθ1cθ2 (2C
{21}{(R)(r)}
φD + 2C
21(R)(r)
φD − C
R(r)1(1)
φD )
+2gκ21cθ1cθ2 (C{21}{(R)(r)}φD + 2C
(R)11(r)
φD )− 2gC
{Rr}{(R)(r)}
φD v
2
Rsθ1sθ2sθw + gκ
2
2sθ1sθ2sθw (−2C{21}{(R)(r)}φD − 2C
21(R)(r)
φD
+CR(r)1(1)φD )− 2gκ21sθ1sθ2 (C
{21}{(R)(r)}
φD + 2C
(R)11(r)
φD )sθw
)
δ∓∓L δ
±±
R Z
µ
2
1
2Λ2
(
−g˜cθ2sθ1
(
kµ∓∓ + p
µ
±±
)(
κ21(C(L)11(r)φD + C
(L)12(r)
φD + C
(R)11(l)
φD )− 2A12++
)
+ cθ1
(
gcθ2
(
kµ∓∓
(
κ21(C(L)11(r)φD
+C(L)12(r)φD + C
(R)11(l)
φD )−A12++
)
−A12++pµ±±
)
− g˜sθ2sθw
(
kµ∓∓ + p
µ
±±
)(
κ21(C(L)11(r)φD + C
(L)12(r)
φD + C
(R)11(l)
φD )− 2A12++
))
+gsθ2
(
cθw
(
pµ±±
(
κ21(C(L)11(r)φD + C
(L)12(r)
φD + C
(R)11(l)
φD )−A12++
)
− kµ∓∓A12++
)
− sθ1sθw
(
kµ∓∓
(
κ21(C(L)11(r)φD + C
(L)12(r)
φD
+C(R)11(l)φD )−A12++
)
−A12++pµ±±
)))
Table 41: MLRSM: Coupling of a pair of doubly charged scalars (δ±±) with a neutral
gauge boson (Z2). Here, sθi = sin θi and cθi = cos θi. k
µ
±± and p
µ
±± are the four momenta
of δ±±L and δ
±±
R respectively. θ˜2 is the redefined angle defined in Eq. 6.102.
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Vertex MLRSM: Effective vertex (δ±± δ∓∓ γ) and (δ± δ∓ γ) factor
δ−−L δ
++
L A
µ 1
4
(
kµ∓∓ + k
µ
±±
) (
4g˜cθ1cθw + 4gsθw
)
+ 1
4Λ2
(
kµ∓∓ + k
µ
±±
) (−4g˜cθ1A22++cθw + 4g˜ (Θ3LBsθw + Θ3RBsθ1cθw)
+4g˜ΘBBcθ1cθw + 2C{Ll}{(L)(l)}φD g˜cθ1v2Lcθw + 2κ22C
{21}{(L)(l)}
φD g˜cθ1cθw + 2κ
2
2C21(L)(l)φD g˜cθ1cθw
+4κ21C(L)11(l)φD g˜cθ1cθw − 4gA22++sθw + 4gΘ3L3Lsθw + gcθw
(
sθ1
(
4Θ3L3R − κ22CL(l)1(1)φD
)
+ 4Θ3LBcθ1
)
+2gC{Ll}{(L)(l)}φD v2Lsθw + 2gκ2+C
{21}{(L)(l)}
φD sθw + 2gκ
2
2C21(L)(l)φD sθw + 4gκ21C
(L)11(l)
φD sθw + gκ
2
2CL(l)1(1)φD sθw
)
δ−−R δ
++
R A
µ 1
4
(
pµ∓∓ + p
µ
±±
) (
4g˜cθ1cθw + 4gsθ1cθw
)
+ 1
4Λ2
(
pµ∓∓ + p
µ
±±
) (−4g˜cθ1A11++cθw + 4g˜ (Θ3LBsθw + Θ3RBsθ1cθw)
+4g˜ΘBBcθ1cθw + 2C{Rr}{(R)(r)}φD g˜cθ1v2Rcθw + 2κ2+C
{21}{(R)(r)}
φD g˜cθ1cθw + 2κ
2
2C21(R)(r)φD g˜cθ1cθw + 4κ21C
(R)11(r)
φD g˜cθ1cθw
−4gsθ1A11++cθw + gsθw
(
4Θ3L3R + κ
2
2CR(r)1(1)φD
)
+ 4gΘ3R3Rsθ1cθw + 4gΘ3RBcθ1cθw + 2gC{Rr}{(R)(r)}φD v2Rsθ1cθw
+2gκ2+C{21}{(R)(r)}φD sθ1cθw + 2gκ22C
21(R)(r)
φD sθ1cθw + 4gκ
2
1C(R)11(r)φD sθ1cθw − gκ22C
R(r)1(1)
φD sθ1cθw
)
δ∓∓L δ
±±
R A
µ − 1
2Λ2
g˜cθ1cθw
(
kµ∓∓ + p
µ
±±
)(
2A12++ − κ21(C(L)11(r)φD + C
(L)12(r)
φD + C
(R)11(l)
φD )
)
+ gA12++
(
kµ∓∓ + p
µ
±±
) (
sθ1cθw + sθw
)
−gκ21(C(L)11(r)φD + C
(L)12(r)
φD + C
(R)11(l)
φD )
(
kµ∓∓sθ1cθw + p
µ
±±sθw
)
δ∓L δ
±
LA
µ g˜cθ1
(
kµ∓ + k
µ
±
)
cθw − 18Λ2
(
kµ∓ + k
µ
±
) (
8g˜cθ1A
44
+ cθw − 8g˜
(
Θ3LBsθw + Θ3RBsθ1cθw
)− 8g˜ΘBBcθ1cθw
−4C{Ll}{(L)(l)}φD g˜cθ1v2Lcθw − 2C
(L)rR(l)
φD g˜cθ1v
2
Rcθw − 4κ2+C
{21}{(L)(l)}
φD g˜cθ1cθw − 2κ2+C
21(L)(l)
φD g˜cθ1cθw
−4κ2+C(L)11(l)φD g˜cθ1cθw + g
(
κ22 − κ21
) CL(l)1(1)φD sθ1cθw + gsθw (8CLl(Ll) v2L + κ2−CL(l)1(1)φD ))
δ∓Rδ
±
RA
µ g˜cθ1
(
pµ∓ + p
µ
±
)
cθw − 18Λ2
(
pµ∓ + p
µ
±
) (
8g˜cθ1A
33
+ cθw − 8g˜
(
Θ3LBsθw + Θ3RBsθ1cθw
)− 8g˜ΘBBcθ1cθw
−2C(R)lL(r)φD g˜cθ1v2Lcθw − 4C
{Rr}{(R)(r)}
φD g˜cθ1v
2
Rcθw − 16C
R(r)R(r)
φD g˜cθ1v
2
Rcθw − 4κ2+C
{21}{(R)(r)}
φD g˜cθ1cθw
−2κ2+C21(R)(r)φD g˜cθ1cθw − 4κ2+C
(R)11(r)
φD g˜cθ1cθw + gsθ1cθw
(
4v2R(3C
R(r)R(r)
φD + C
Rr(Rr)
 )− κ2−C
R(r)1(1)
φD
)
+ gκ2−CR(r)1(1)φD sθw
)
δ∓L δ
±
RA
µ − 1
4Λ2
g˜cθ1cθw
(
4A34+
(
kµ∓ + p
µ
±
)
− kµ∓
(
vLvR(2C(L)rL(r)φD + C
(L)rR(l)
φD ) + κ
2
+(C(L)11(r)φD + C
(L)12(r)
φD + C
(R)11(l)
φD )
)
−pµ±
(
vLvR(2C(L)rL(r)φD + C
(R)lL(r)
φD ) + κ
2
+(C(L)11(r)φD + C
(L)12(r)
φD + C
(R)11(l)
φD )
))
+gvLvR
(
sθ1cθw
(
C(L)rL(r)φD kµ∓ + C
(R)lL(r)
φD p
µ
±
)
+ sθw
(
C(L)rR(l)φD kµ∓ + C
(L)rL(r)
φD p
µ
±
))
Table 42: MLRSM: Coupling of a pair of doubly charged scalars (δ±±) and singly charged
scalars (δ±) with photon (Aµ). Here, sθi = sin θi and cθi = cos θi. k
µ
±±, p
µ
±±, k
µ
± and p
µ
± are
the four momenta of δ±±L , δ
±±
R , δ
±
L and δ
±
R respectively. θ˜2 is the redefined angle defined
in Eq. 6.102.
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Vertex MLRSM: Effective vertex (δ∓∓ δ±±W3[B]W3[B]) factor
δ−−L δ
++
L W
µ
3LW3Lµ g
2 + g
8Λ2
(
16g˜Θ3LB − 8gA22++ + 16gΘ3L3L + 8gC{Ll}{(L)(l)}φD v2L + 4gκ21C
{21}{(L)(l)}
φD + 4gκ
2
2C{21}{(L)(l)}φD
+4gκ22C21(L)(l)φD + 8gκ21C
(L)11(l)
φD + 4gκ
2
2CL(l)1(1)φD + gκ21C
{Ll}{(2)(1)}
φD + gκ
2
2C{Ll}{(2)(1)}φD + gκ22C
Ll(2)(1)
φD
)
δ∓∓L δ
±±
R W
µ
3LW3Lµ
g2
8Λ2
(
κ21C(2)rL(1)φD − 4A12++
)
δ−−R δ
++
R W
µ
3LW3Lµ
g2
8Λ2
(
κ21C{Rr}{(2)(1)}φD + κ22(C
{Rr}{(2)(1)}
φD + C
Rr(2)(1)
φD )
)
δ−−L δ
++
L W
µ
3RW3Rµ
g2
8Λ2
(
κ21C{Ll}{(2)(1)}φD + κ22(C
{Ll}{(2)(1)}
φD + C
Ll(2)(1)
φD )
)
δ∓∓L δ
±±
R W
µ
3RW3Rµ
g2
8Λ2
(
κ21C(2)rL(1)φD − 4A12++
)
δ−−R δ
++
R W
µ
3RW3Rµ g
2 + g
8Λ2
(
16g˜Θ3RB − 8gA11++ + 16gΘ3R3R + 8gC{Rr}{(R)(r)}φD v2R + 4gκ21C
{21}{(R)(r)}
φD + 4gκ
2
2C{21}{(R)(r)}φD
+4gκ22C21(R)(r)φD + 8gκ21C
(R)11(r)
φD − 4gκ22C
R(r)1(1)
φD + gκ
2
1C{Rr}{(2)(1)}φD + gκ22C
{Rr}{(2)(1)}
φD + gκ
2
2CRr(2)(1)φD
)
δ−−L δ
++
L B
µBµ g˜2 +
g˜
2Λ2
(
−2g˜A22++ + 4g˜ΘBB + 2C{Ll}{(L)(l)}φD g˜v2L + κ22g˜(C
{21}{(L)(l)}
φD + C
21(L)(l)
φD ) + κ
2
1g˜(C{21}{(L)(l)}φD
+2C(L)11(l)φD ) + 4gΘ3LB
)
δ∓∓L δ
±±
R B
µBµ
g˜2
2Λ2
(
κ21(C(L)11(r)φD + C
(L)12(r)
φD + C
(R)11(l)
φD )− 2A12++
)
δ−−R δ
++
R B
µBµ g˜2 +
g˜
2Λ2
(
−2g˜A11++ + 4g˜ΘBB + 2C{Rr}{(R)(r)}φD g˜v2R + κ21C
{21}{(R)(r)}
φD g˜ + κ
2
2C{21}{(R)(r)}φD g˜ + κ22C
21(R)(r)
φD g˜
+2κ21C(R)11(r)φD g˜ + 4gΘ3RB
)
δ−−L δ
++
L W
µ
3LW3Rµ
g
4Λ2
(
8g˜Θ3RB + 8gΘ3L3R − g
(
κ22(2CL(l)1(1)φD + C
{Ll}{(2)(1)}
φD + C
Ll(2)(1)
φD ) + κ
2
1C{Ll}{(2)(1)}φD
))
δ∓∓L δ
±±
R W
µ
3LW3Rµ −
g2κ21
4Λ2
(C(2)rL(1)φD − 2(C
(L)11(r)
φD + C
(L)12(r)
φD + C
(R)11(l)
φD ))
δ−−R δ
++
R W
µ
3LW3Rµ
g
4Λ2
(
8g˜Θ3LB + 8gΘ3L3R − g
(
κ22(−2CR(r)1(1)φD + C
{Rr}{(2)(1)}
φD + C
Rr(2)(1)
φD ) + κ
2
1C{Rr}{(2)(1)}φD
))
δ−−L δ
++
L W
µ
3LBµ 2gg˜ +
1
2Λ2
(
−4gg˜A22++ + 4gg˜Θ3L3L + 4g˜2Θ3LB + 4gg˜ΘBB + 2gκ21C{21}{(L)(l)}φD g˜
+2gκ22C{21}{(L)(l)}φD g˜ + 2gκ22C
21(L)(l)
φD g˜ + 4gκ
2
1C(L)11(l)φD g˜ + gκ22C
L(l)1(1)
φD g˜ + 4g
2Θ3LB
)
δ∓∓L δ
±±
R W
µ
3LBµ
gg˜
2Λ2
(
κ21(C(L)11(r)φD + C
(L)12(r)
φD + C
(R)11(l)
φD )− 2A12++
)
δ−−R δ
++
R W
µ
3LBµ
g˜
2Λ2
(
4g˜Θ3LB + 4gΘ3L3R + gκ
2
2CR(r)1(1)φD
)
δ−−L δ
++
L W
µ
3RBµ
g˜
2Λ2
(
4g˜Θ3RB + 4gΘ3L3R + gκ
2
2(−CL(l)1(1)φD )
)
δ∓∓L δ
±±
R W
µ
3RBµ
gg˜
2Λ2
(
κ21(C(L)11(r)φD + C
(L)12(r)
φD + C
(R)11(l)
φD )− 2A12++
)
δ−−R δ
++
R W
µ
3RBµ 2gg˜ +
1
2Λ2
(
−4gg˜A11++ + 4gg˜Θ3R3R + 4g˜2Θ3RB + 4gg˜ΘBB + 2gκ21C{21}{(R)(r)}φD g˜ + 2gκ22C
{21}{(R)(r)}
φD g˜
+2gκ22C21(R)(r)φD g˜ + 4gκ21C
(R)11(r)
φD g˜ − gκ22C
R(r)1(1)
φD g˜ + 4g
2Θ3RB
)
Table 43: MLRSM: Coupling of a pair of doubly charged scalars (δ±±) with a pair two
of neutral gauge bosons (B,W3L,3R) in unphysical basis. The vertices can be written in
terms of (A,Z1,2) using rotation matrix R˜b.
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Vertex MLRSM: Effective vertex (δ∓∓ δ±±W∓W±) factor
δ∓∓L δ
±±
L W
±µ
L W
∓
Lµ g
2 + g
2
4Λ2
(
−4A22++ + 4v2L(C
{Ll}{(L)(l)}
φD + 3C
L(l)L(l)
φD + C
Ll(Ll)
 ) + C
(L)rR(l)
φD v
2
R + 8ΘWLL + 2κ
2
+C{21}{(L)(l)}φD
+κ2+C21(L)(l)φD + 2κ2+C
(L)11(l)
φD + 2κ1κ2C
L(l)1(1)
φD + κ
2
+C{Ll}{(2)(1)}φD + κ22C
Ll(2)(1)
φD
)
δ∓∓L δ
±±
R W
±µ
L W
∓
Lµ
g2
4Λ2
(
κ22C(2)rL(1)φD − 2A12++
)
δ∓∓R δ
±±
R W
±µ
L W
∓
Lµ
g2
4Λ2
(
C(L)rR(l)φD v2L + κ21C
{Rr}{(2)(1)}
φD + κ
2
2(C{Rr}{(2)(1)}φD + C
Rr(2)(1)
φD )
)
δ∓∓L δ
±±
L W
±µ
R W
∓
Rµ
g2
4Λ2
(
C(R)lL(r)φD v2R + κ22C
{Ll}{(2)(1)}
φD + κ
2
1(C{Ll}{(2)(1)}φD + C
Ll(2)(1)
φD )
)
δ∓∓L δ
±±
R W
±µ
R W
∓
Rµ
g2
4Λ2
(
κ21C(2)rL(1)φD − 2A12++
)
δ∓∓R δ
±±
R W
±µ
R W
∓
Rµ g
2 + g
2
4Λ2
(
−4A11++ + C(R)lL(r)φD v2L + 4v2R(C
{Rr}{(R)(r)}
φD + 3C
R(r)R(r)
φD + C
Rr(Rr)
 ) + 8ΘWRR + 2κ
2
+C{21}{(R)(r)}φD
+κ2+C21(R)(r)φD + 2κ2+C
(R)11(r)
φD − 2κ21C
R(r)1(1)
φD + κ
2
+C{Rr}{(2)(1)}φD + κ21C
Rr(2)(1)
φD
)
δ∓∓L δ
±±
L W
±µ
L W
∓
Rµ
g2
4Λ2
(
4ΘWLR − κ1
(
κ1CL(l)1(1)φD + κ2(2C
{Ll}{(2)(1)}
φD + C
Ll(2)(1)
φD )
))
δ∓∓L δ
±±
R W
±µ
L W
∓
Rµ
g2
4Λ2
(
C(L)rL(r)φD vLvR − κ1κ2C
(2)rL(1)
φD
)
δ∓∓R δ
±±
R W
±µ
L W
∓
Rµ
g2
4Λ2
(
4ΘWRL + κ1κ2(CR(r)1(1)φD − 2C
{Rr}{(2)(1)}
φD − C
Rr(2)(1)
φD )
)
Table 44: MLRSM: Coupling of a pair of doubly charged scalars (δ±±) with a pair of
two charged gauge bosons (W±L,R) in unphysical basis. These can be easily translated in
physical gauge boson basis using rotation matrix R˜a.
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Vertex MLRSM: Effective vertex (δ∓ δ± Z1,2) factor
δ−L δ
+
LZ
µ
1 − 18
(
kµ− + k
µ
+
)(
8g˜cθ1cθ˜2
sθw − 8g˜sθ1sθ˜2
)
− 1
8Λ2
(
kµ− + k
µ
+
) [−8g˜cθ1cθ2sθwA44+ + 8g˜sθ1sθ2A44+ − 8g˜cθ2cθwΘ3LB
+8g˜cθ1sθ2Θ3RB + 8g˜cθ2sθ1sθwΘ3RB + 8g˜cθ1cθ2sθwΘBB − 8g˜sθ1sθ2ΘBB + 4C{Ll}{(L)(l)}φD g˜cθ1cθ2v2Lsθw
+2C(L)rR(l)φD g˜cθ1cθ2v2Rsθw + 4κ21C
{21}{(L)(l)}
φD g˜cθ1cθ2sθw + 4κ
2
2C{21}{(L)(l)}φD g˜cθ1cθ2sθw + 2κ21C
21(L)(l)
φD g˜cθ1cθ2sθw
+2κ22C21(L)(l)φD g˜cθ1cθ2sθw + 4κ21C
(L)11(l)
φD g˜cθ1cθ2sθw + 4κ
2
2C(L)11(l)φD g˜cθ1cθ2sθw − 4C
{Ll}{(L)(l)}
φD g˜v
2
Lsθ1sθ2
−2C(L)rR(l)φD g˜v2Rsθ1sθ2 − 4κ21C
{21}{(L)(l)}
φD g˜sθ1sθ2 − 4κ22C
{21}{(L)(l)}
φD g˜sθ1sθ2 − 2κ21C
21(L)(l)
φD g˜sθ1sθ2 − 2κ22C
21(L)(l)
φD g˜sθ1sθ2
−4κ21C(L)11(l)φD g˜sθ1sθ2 − 4κ22C
(L)11(l)
φD g˜sθ1sθ2 + g
(
cθ2
(
cθw
(
v2L8C
Ll(Ll)
 + κ
2
1CL(l)1(1)φD − κ22C
L(l)1(1)
φD
)
+κ2−CL(l)1(1)φD sθ1sθw
)
+ κ2−CL(l)1(1)φD cθ1sθ2
)]
δ∓L δ
±
RZ
µ
1
1
4Λ2
[
gvLvR
(
cθ2
(
sθ1sθw
(
C(L)rL(r)φD kµ∓ + C
(R)lL(r)
φD p
µ
±
)
− cθw
(
C(L)rR(l)φD kµ∓ + C
(L)rL(r)
φD p
µ
±
))
+cθ1sθ2
(
C(L)rL(r)φD kµ∓ + C
(R)lL(r)
φD p
µ
±
))
− g˜ (sθ1sθ2 − cθ1cθ2sθw) ((kµ∓ + pµ±)(4A34+ − (2vLvRC(L)rL(r)φD
+κ2+(C(L)11(r)φD + C
(L)12(r)
φD + C
(R)11(l)
φD )
))
− vLvR
(
kµ∓C(L)rR(l)φD + pµ±C
(R)lL(r)
φD
))]
...
...
δ−Rδ
+
RZ
µ
2 +
1
8
(
pµ− + p
µ
+
) (−8g˜cθ2sθ1 − 8g˜cθ1sθ2sθw)+ 18Λ2 (pµ− + pµ+) [8g˜cθ2sθ1A33+ + 8g˜cθ1sθ2sθwA33+ + 8g˜sθ2cθwΘ3LB
+8g˜cθ1cθ2Θ3RB − 8g˜sθ1sθ2sθwΘ3RB − 8g˜cθ2sθ1ΘBB − 8g˜cθ1sθ2sθwΘBB − 2C(R)lL(r)φD g˜cθ2v2Lsθ1 − 2C
(R)lL(r)
φD g˜cθ1v
2
Lsθ2sθw
−4C{Rr}{(R)(r)}φD g˜cθ2v2Rsθ1 − 4C
{Rr}{(R)(r)}
φD g˜cθ1v
2
Rsθ2sθw − 16C
R(r)R(r)
φD g˜cθ2v
2
Rsθ1 − 16C
R(r)R(r)
φD g˜cθ1v
2
Rsθ2sθw
−4κ21C{21}{(R)(r)}φD g˜cθ2sθ1 − 4κ22C
{21}{(R)(r)}
φD g˜cθ2sθ1 − 4κ21C
{21}{(R)(r)}
φD g˜cθ1sθ2sθw − 4κ22C
{21}{(R)(r)}
φD g˜cθ1sθ2sθw
−2κ21C21(R)(r)φD g˜cθ2sθ1 − 2κ22C
21(R)(r)
φD g˜cθ2sθ1 − 2κ21C
21(R)(r)
φD g˜cθ1sθ2sθw − 2κ22C
21(R)(r)
φD g˜cθ1sθ2sθw − 4κ21C
(R)11(r)
φD g˜cθ2sθ1
−4κ22C(R)11(r)φD g˜cθ2sθ1 − 4κ21C
(R)11(r)
φD g˜cθ1sθ2sθw − 4κ22C
(R)11(r)
φD g˜cθ1sθ2sθw + g
(
sθ2
(
−κ2−CR(r)1(1)φD cθw
+sθ1sθw
(
4v2R(3C
R(r)R(r)
φD + C
Rr(Rr)
 )− κ2−C
R(r)1(1)
φD
))
− cθ1cθ2
(
4v2R(3C
R(r)R(r)
φD + C
Rr(Rr)
 )− κ2−C
R(r)1(1)
φD
))]
Table 45: MLRSM: Coupling of a pair of singly charged scalars (δ±) with a neutral gauge
boson (Z1,2). Here sθi = sin θi and cθi = cos θi. k
µ
± and p
µ
± are the four momenta of δ
±
L and
δ±R . θ˜2 is the redefined angle defined in Eq. 6.102.
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Vertex MLRSM: Effective vertex (δ∓ δ±W3[B]W3[B]) factor
δ−L δ
+
LW
+µ
L W
−
Lµ 2g
2 + g
2
8Λ2
(
−16A44+ + 4v2L(3C
{Ll}{(L)(l)}
φD + 9C
L(l)L(l)
φD − C
Ll(Ll)
 ) + 4C
(L)rR(l)
φD v
2
R + 32ΘWLL + 8κ
2
1C{21}{(L)(l)}φD
+8κ22C{21}{(L)(l)}φD + 4κ21C
21(L)(l)
φD + 4κ
2
2C21(L)(l)φD + 8κ21C
(L)11(l)
φD + 8κ
2
2C(L)11(l)φD + 8κ1κ2C
L(l)1(1)
φD
+2κ21C{Ll}{(2)(1)}φD + 2κ22C
{Ll}{(2)(1)}
φD + κ
2
1CLl(2)(1)φD + κ22C
Ll(2)(1)
φD
)
δ−L δ
+
LW
µ
3LW3Lµ
g2
16Λ2
(
8v2L(C
{Ll}{(L)(l)}
φD + C
L(l)L(l)
φD − C
Ll(Ll)
 ) +
(
κ21 + κ
2
2
)
(2C{Ll}{(2)(1)}φD + C
Ll(2)(1)
φD )
)
δ−L δ
+
LW
µ
3LBµ
g˜
4Λ2
(
8g˜Θ3LB − 4gv2L(C
{Ll}{(L)(l)}
φD + 4C
L(l)L(l)
φD ) + g
(
κ22 − κ21
) CL(l)1(1)φD )
δ−L δ
+
LB
µBµ g˜2 +
g˜2
4Λ2
(
−4A44+ + 8ΘBB + 4v2L(C
{Ll}{(L)(l)}
φD + 4C
L(l)L(l)
φD ) + C
(L)rR(l)
φD v
2
R + C
(R)lL(r)
φD v
2
R + 2κ
2
+C{21}{(L)(l)}φD
+κ2+C21(L)(l)φD + 2κ2+C
(L)11(l)
φD
)
...
...
δ−Rδ
+
RW
+µ
R W
−
Rµ 2g
2 + g
2
8Λ2
(
−16A33+ + 4C(R)lL(r)φD v2L + 12C
{Rr}{(R)(r)}
φD v
2
R + 36C
R(r)R(r)
φD v
2
R − 4C
Rr(Rr)
 v
2
R + 32ΘWRR
+8κ21C{21}{(R)(r)}φD + 8κ22C
{21}{(R)(r)}
φD + 4κ
2
1C21(R)(r)φD + 4κ22C
21(R)(r)
φD + 8κ
2
1C(R)11(r)φD + 8κ22C
(R)11(r)
φD
−4κ21CR(r)1(1)φD − 4κ22C
R(r)1(1)
φD + 2κ
2
1C{Rr}{(2)(1)}φD + 2κ22C
{Rr}{(2)(1)}
φD + κ
2
1CRr(2)(1)φD + κ22C
Rr(2)(1)
φD
)
δ−Rδ
+
RW
µ
3RW3Rµ
g2
16Λ2
(
8v2R(C
{Rr}{(R)(r)}
φD + C
R(r)R(r)
φD − C
Rr(Rr)
 ) +
(
κ21 + κ
2
2
)
(2C{Rr}{(2)(1)}φD + C
Rr(2)(1)
φD )
)
δ−Rδ
+
RW
µ
3RBµ
g˜
4Λ2
(
8g˜Θ3RB − 4gv2R(C
{Rr}{(R)(r)}
φD + 4C
R(r)R(r)
φD ) + g
(
κ21 − κ22
) CR(r)1(1)φD )
δ−Rδ
+
RB
µBµ g˜2 +
g˜2
4Λ2
(
−4A33+ + 8ΘBB + v2L(C
(L)rR(l)
φD + C
(R)lL(r)
φD ) + 4C
{Rr}{(R)(r)}
φD v
2
R + 16C
R(r)R(r)
φD v
2
R + 2κ
2
+C{21}{(R)(r)}φD
+κ2+C21(R)(r)φD + 2κ2+C
(R)11(r)
φD
)
Table 46: MLRSM: Coupling of a pair of singly charged scalars (δ±) with either a pair
of charged (W±L,R) or neutral (B,W3L,3R) gauge bosons in unphysical basis. These can be
translated in physical gauge boson basis using rotation matrix R˜a,b.
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7.7 Rare Processes
So far, we have discussed the impact of the modified Feynman vertices on different low energy
observables and also on some significant and promising collider phenomenological processes. Now
we would like to focus on possible rare processes which may get additional contributions from
the higher dimensional operators. As these processes are yet to be observed, the rate of their
occurrence must be very small, which in turn puts a stringent upper limit on the corresponding
Wilson Coefficients. Thus not only for the sake of completeness but also to estimate the allowed
maximum values of the WCs these channels must be taken into account. As we have a complete
set of operators, there will be many rare processes, but we can not include all of them. We will
provide an outline to show how these effective operators can affect different rare events.
Looking into the VBF channel, Fig. 10, it is expected that the amplitude for neutrinoless double
beta decay (0ν2β), 2n→ 2p+ 2e−, Fig. 12(b), will be modified as compared to the earlier analysis
based on the renormalizable interactions [244, 245]. The other diagram for 0ν2β mediated by the
Majorana neutrinos, Fig. 12(a), in MLRSM will be also be affected due to the effective gauge boson-
fermion vertex, see Tables 29, 30. So MLRSM-EFT scenario offers very convoluted contributions to
0ν2β process, and the usual constraints need to be revisited. The leptonic current for this process,
and the meson decays (M+ → M ′−l+l+) are the same [246–249]. Thus the prediction for meson
decays through Majorana neutrinos and doubly charged scalars will also be modified. The lepton
flavour as well as number violating three body decays of charged leptons, e.g., l∓i → l±j l∓k l∓m [250],
can get additional contributions from the effective operators, see Fig. 13. The possibility of having
charged lepton flavour violating radiative decays, li → lj + γ, (with i 6= j) can not be ignored,
see Figs. 8(a), (b). The sensitivity of these rare events are expected to increase significantly with
future experiments. Thus the respective WCs will be severely constrained and may play a crucial
role to decide the minimum energy scale to unveil these rare events at the colliders.
n
n
p
p
W−
W−
ν,N
e−
e−
n
n
p
p
W−
W−
e−
e−
δ−−
(a) (b)
Figure 12: Feynman diagrams representing the neutrinoless double beta decay: 2n→ 2p+
2e− (0ν2β). The [•] represents effective vertex. 0ν2β can acquire additional contributions
from (a) light and heavy Majorana neutrino exchange, and (b) from doubly charged scalars
too.
l∓i l
∓
m
l±j l∓k
δ∓∓
Figure 13: Feynman diagram representing the lepton number and flavour violating three
body decays of charged lepton: l∓i → l±j l∓k l∓m. The [•] represents effective vertex.
– 98 –
7.8 Theoretical Constraints in the Scalar sector
The shape of the scalar potential is determined by the quartic couplings in the asymptotic limit.
The physical masses of the scalar fields are linear functions of these quartic couplings. Thus it is
evident that any constraint on these couplings can be translated appropriately to put some bounds
on the scalar spectrum. Here, we have outlined two such theoretical constraints: (i) Tree Unitarity
(TU) [251, 252] and (ii) Vacuum Stability (VS) [253]. Both the bounds are computed at the large
value of the scalar field. Thus the relevant part of the scalar potential for us is the scalar four-point
interactions. The TU sets an upper limit on the amplitudes of the scalar four-point interactions,
and that is ≤ 8pi [252]. Now we know that the amplitude for such processes is the quartic couplings.
This, in turn, sets a maximum allowed limit on the quartic couplings. On the other side the VS
criteria ensure that potential is bounded from below such that the vacuum is stable4. These TU
and VS criteria are modified in the presence of effective operators, and thus the limits on the scalar
spectrum may be altered [121, 122].
In this paper we have computed the scalar four-point interactions, see Fig. 14, which also
represent the amplitude for the process φiφj → φkφl including the modifications due the dimension-
6 operators. The added contributions are directly from φ6 operators, and also from the φ4D2
operators through the redefinition of the scalar fields.
φi φj
φkφl
Amplitude = λijkl
Figure 14: Scalar four-point interactions: Amplitude is the effective scalar quartic cou-
pling λijkl. The [•] represents the effective four-point scalar vertex.
2HDM: Scalar-four point interactions
The TU bounds have been computed for 2HDM in [251, 254–256, 256–262] but with the only
renormalizable scalar potential. We expect these bounds to be altered in the presence of these
extra contributions from the effective operators. Thus the conclusion embracing the validity of
2HDM scenario including the renormalization group evolutions (RGEs) of the couplings is destined
to change. As, after the inclusion of these effective operators, the anomalous dimension matrices
need to be included to perform the RGEs of the Wilson coefficients. This will lead to an involved
computation and it will be difficult to pass any conclusive remarks on the scale up to which this
theory will be valid based on these criteria. In this section, we have summarised the complete set
of four-point interactions in the unphysical basis of scalar fields in Tables 47-49.
4Here, we have kept vacuum stability and boundedness criteria in the same footing. The meta-stability
is overlooked for this discussion.
– 99 –
Vertex 2HDM: Effective vertex (φi φj φk φl) factor
φ−1 φ
−
1 φ
+
1 φ
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1 λ1 −
λ6A
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+
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− 2λ1A
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+
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+
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+
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+
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+
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+
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+
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+
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9C1111116 v21
2Λ2
+
3C1111126 v1v2
Λ2
+
C1111226 v22
2Λ2
+
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+
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+
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+
2Λ2
− λ6A
11
+
Λ2
+
3C1111126 v21
Λ2
+
2C1111226 v1v2
Λ2
+
3C1122126 v22
2Λ2
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+
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+
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+
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2Λ2
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+
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+
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+
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+
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Table 47: 2HDM: Scalar four-point vertices in the unphysical basis.
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Vertex 2HDM: Effective vertex (φi φj φk φl) factor
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4Λ2
+
9C1212126 v21
4Λ2
+
3C1212226 v2v1
Λ2
+
C1212216 v21
4Λ2
+
3C1222226 v22
2Λ2
Table 48: 2HDM: Scalar four-point vertices in the unphysical basis.
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Vertex 2HDM: Effective vertex (φi φj φk φl) factor
η1η2ρ21
λ6
2
− λ6A
22
i
4Λ2
− λ1A
12
i
2Λ2
− λ3A
12
i
4Λ2
− λ4A
12
i
4Λ2
+
λ5A
12
i
4Λ2
− λ6A
11
i
4Λ2
− λ5A
12
r
2Λ2
− λ6A
11
r
2Λ2
+
3C1111126 v21
2Λ2
+
C1122126 v22
4Λ2
+
3C1212116 v2v1
Λ2
+
9C1212126 v22
4Λ2
+
C1212216 v22
4Λ2
η22ρ
2
1
λ3
4
+ λ4
4
− λ5
4
− λ3A
22
i
4Λ2
− λ4A
22
i
4Λ2
+
λ5A
22
i
4Λ2
− λ6A
12
i
4Λ2
− λ3A
11
r
4Λ2
− λ4A
11
r
4Λ2
−λ7A
12
r
4Λ2
+
λ5A
11
r
4Λ2
+
3C1111226 v21
4Λ2
+
3C1122126 v1v2
4Λ2
− 3C
121211
6 v
2
1
2Λ2
− 9C
121212
6 v1v2
4Λ2
+
C1122226 v22
4Λ2
+
3C1221116 v21
4Λ2
+
3C1212216 v1v2
4Λ2
+
C1221226 v22
4Λ2
η1η2ρ1ρ2 λ5 − λ5A
22
i
2Λ2
− λ6A
12
i
2Λ2
− λ7A
12
i
2Λ2
− λ5A
11
i
2Λ2
− λ5A
22
r
2Λ2
− λ5A
11
r
2Λ2
− λ6A
12
r
2Λ2
− λ7A
12
r
2Λ2
+
C1122126 v2v1
Λ2
+
3C1212116 v21
Λ2
+
9C1212126 v2v1
Λ2
+
3C1212226 v22
Λ2
+
C1212216 v2v1
Λ2
η22ρ1ρ2 −
λ7A
22
i
2Λ2
− λ5A
12
i
2Λ2
− λ2A
12
r
2Λ2
− λ3A
12
r
4Λ2
− λ4A
12
r
4Λ2
+
λ5A
12
r
4Λ2
− λ7A
22
r
4Λ2
− λ7A
11
r
4Λ2
+ λ7
2
+
3C1122126 v21
4Λ2
− 9C
121212
6 v
2
1
4Λ2
+
C1122226 v2v1
Λ2
+
3C1212216 v21
4Λ2
+
C1221226 v2v1
Λ2
+
3C1222226 v22
2Λ2
η21ρ
2
2
λ3
4
+ λ4
4
− λ5
4
− λ3A
11
i
4Λ2
− λ4A
11
i
4Λ2
+
λ5A
11
i
4Λ2
− λ7A
12
i
4Λ2
− λ3A
22
r
4Λ2
− λ6A
12
r
4Λ2
−λ4A
22
r
4Λ2
+
λ5A
22
r
4Λ2
+
C1111226 v21
4Λ2
+
3C1122126 v1v2
4Λ2
− 9C
121212
6 v1v2
4Λ2
− 3C
121222
6 v
2
2
2Λ2
+
3C1122226 v22
4Λ2
+
C1221116 v21
4Λ2
+
3C1212216 v1v2
4Λ2
+
3C1221226 v22
4Λ2
η1η2ρ22
λ7
2
− λ7A
22
i
4Λ2
− λ2A
12
i
2Λ2
− λ3A
12
i
4Λ2
− λ4A
12
i
4Λ2
+
λ5A
12
i
4Λ2
− λ7A
11
i
4Λ2
− λ5A
12
r
2Λ2
− λ7A
22
r
2Λ2
+
C1122126 v21
4Λ2
+
9C1212126 v21
4Λ2
+
3C1212226 v2v1
Λ2
+
C1212216 v21
4Λ2
+
3C1222226 v22
2Λ2
η21ρ
2
2
λ3
4
+ λ4
4
− λ5
4
− λ3A
11
i
4Λ2
− λ4A
11
i
4Λ2
+
λ5A
11
i
4Λ2
− λ7A
12
i
4Λ2
− λ3A
22
r
4Λ2
− λ6A
12
r
4Λ2
−λ4A
22
r
4Λ2
+
λ5A
22
r
4Λ2
+
C1111226 v21
4Λ2
+
3C1122126 v1v2
4Λ2
− 9C
121212
6 v1v2
4Λ2
− 3C
121222
6 v
2
2
2Λ2
+
3C1122226 v22
4Λ2
+
C1221116 v21
4Λ2
+
3C1212216 v1v2
4Λ2
+
3C1221226 v22
4Λ2
η1η2ρ22
λ7
2
− λ7A
22
i
4Λ2
− λ2A
12
i
2Λ2
− λ3A
12
i
4Λ2
− λ4A
12
i
4Λ2
+
λ5A
12
i
4Λ2
− λ7A
11
i
4Λ2
− λ5A
12
r
2Λ2
− λ7A
22
r
2Λ2
η22ρ
2
2
λ2
2
− λ2A
22
i
2Λ2
− λ7A
12
i
4Λ2
− λ2A
22
r
2Λ2
− λ7A
12
r
4Λ2
+
C1122226 v21
4Λ2
+
C1221226 v21
4Λ2
+
3C1222226 v1v2
2Λ2
+
9C2222226 v22
4Λ2
η41
λ1
4
− λ6A
12
i
4Λ2
− λ1A
11
i
2Λ2
+
3C1111116 v21
8Λ2
+
C1111126 v1v2
4Λ2
+
C1111226 v22
8Λ2
− C
121211
6 v
2
2
4Λ2
+
C1221116 v22
8Λ2
η31η2
λ6
2
− λ6A
22
i
4Λ2
− λ1A
12
i
2Λ2
− λ3A
12
i
4Λ2
− λ4A
12
i
4Λ2
− λ5A
12
i
4Λ2
− 3λ6A
11
i
4Λ2
+
C1111126 v21
2Λ2
+
C1212116 v1v2
Λ2
+
C1122126 v22
4Λ2
− 3C
121212
6 v
2
2
4Λ2
+
C1212216 v22
4Λ2
η21η
2
2
λ3
4
+ λ4
4
+ λ5
4
− λ3A
22
i
4Λ2
− 3λ6A
12
i
4Λ2
− 3λ7A
12
i
4Λ2
− λ3A
11
i
4Λ2
− λ4A
11
i
4Λ2
− λ5A
11
i
4Λ2
−λ4A
22
i
4Λ2
− λ5A
22
i
4Λ2
+
C1111226 v21
4Λ2
+
C1122126 v1v2
4Λ2
+
9C1212126 v1v2
4Λ2
+
C1122226 v22
4Λ2
+
C1221116 v21
4Λ2
+
C1212216 v1v2
4Λ2
+
C1221226 v22
4Λ2
Table 49: 2HDM: Scalar four-point vertices in the unphysical basis.
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MLRSM: Scalar four-point interactions
Similar to the 2HDM case, the scalar quartic couplings in this model are also constrained
by the TU criteria. For the renormalizable potential these criteria are derived and discussed in
[191, 263, 264]. These scalar four-point vertex factors, i.e., quartic couplings must satisfy the
vacuum stability criteria such that the effective potential is bounded from below. This should be
further analyzed using the same method mentioned in [253, 265, 266]. As the scalar sector of the
MLRSM scenario is quite extended, the number of four-point interaction vertices are very large.
Thus instead of providing all of them, unlike the 2HDM case, here, we have listed a few selective
vertices, see Table 50. Interested readers can be provided with the Mathematica file containing all
such vertices for MLRSM scenario.
Vertex MLRSM: Effective vertex (φi φj φk φl) factor(
φ0r1
)4 λ1
4
+ λ2
2
+ λ3
4
+ λ4
2
+
C2121Rr6 v2R
32Λ2
+
15κ2C{21}{2121}6
8Λ2
+
15κ2C2121216
16Λ2
+
15κ2C4121216
8Λ2
+
15κ2C4141216
8Λ2
+
15κ2C4141236
8Λ2
+
15κ2C4141416
8Λ2
+
C2141Rr6 v2R
16Λ2
+
C2211Rr6 v2R
32Λ2
+
C23Rr416 v2R
32Λ2
+
C2R21r16 v2R
32Λ2
+
C4141Rr6 v2R
16Λ2
+
C41R2r16 v2R
16Λ2
− λ1A˜
11
r
2Λ2
− λ2A˜
11
r
Λ2
− λ3A˜
11
r
2Λ2
− λ4A˜
11
r
Λ2(
φ0r1
)3
φ0i1 −
C41R2r16 v2R
8Λ2(
φ0r1
)3
φ0r2 −
λ1A˜
12
r
Λ2
− λ4A˜
12
r
Λ2
− C
2121Rr
6 v
2
R
8Λ2
− C
2141Rr
6 v
2
R
8Λ2
− C
2211Rr
6 v
2
R
8Λ2(
φ0r1
)3
φ0i2
C2141Rr6 v2R
8Λ2
+
C4141Rr6 v2R
4Λ2
+
C41R2r16 v2R
8Λ2
+
5κ2C4121216
2Λ2
+
5κ2C4141216
Λ2
+
5κ2C4141236
2Λ2
+
15κ2C4141416
2Λ2(
φ0r1
)3
δ0rL
κC21L2r16 vR
2
√
2Λ2
+
κC21L4r16 vR
2
√
2Λ2
+
κC21R4l16 vR
2
√
2Λ2
+
κC2L41r36 vR
2
√
2Λ2
+
κC41L2r36 vR
2
√
2Λ2
+
κC41L41r6 vR
2
√
2Λ2
+
κC41R2l16 vR
2
√
2Λ2
−α1A˜
14
r
4Λ2
− α2A˜
14
r
2Λ2
− α3A˜
14
r
8Λ2
− λ1A˜
14
r
2Λ2
− λ2A˜
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r
Λ2
− λ3A˜
14
r
2Λ2
+
κC41R41l6 vR
2
√
2Λ2
− λ4A˜
14
r
Λ2(
φ0r1
)3
δ0iL
κC21L2r16 vR
2
√
2Λ2
+
κC21L4r16 vR
2
√
2Λ2
− κC
21R4l1
6 vR
2
√
2Λ2
+
κC2L41r36 vR
2
√
2Λ2
+
κC41L2r36 vR
2
√
2Λ2
+
κC41L41r6 vR
2
√
2Λ2
− κC
41R2l1
6 vR
2
√
2Λ2
−κC
41R41l
6 vR
2
√
2Λ2
...
...
(
φ0r1
)3
δ0rR
κC2121Rr6 vR
2
√
2Λ2
+
κC2141Rr6 vR√
2Λ2
+
κC2211Rr6 vR
2
√
2Λ2
+
κC23Rr416 vR
2
√
2Λ2
+
κC2R21r16 vR
2
√
2Λ2
+
κC4141Rr6 vR√
2Λ2
+
κC41R2r16 vR√
2Λ2
−α1A˜
13
r
4Λ2
− α2A˜
13
r
2Λ2
− α3A˜
13
r
8Λ2
− λ1A˜
13
r
2Λ2
− λ2A˜
13
r
Λ2
− λ3A˜
13
r
2Λ2
− λ4A˜
13
r
Λ2(
φ0r1
)3
δ0iR 0
Table 50: MLRSM: Scalar four-point vertices in the unphysical basis. As the number
of such kind of vertices are very large, we have not mentioned all of them. These vertex
factors are computed with the following assumptions: κ1 = κ2 = κ, vL = 0. In these limits
we have redefined Aijr , A
ij
i as A˜
ij
r , A˜
ij
i respectively.
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8 Conclusions and Remarks
In this paper, we have implemented the Hilbert Series (HS) method to construct the complete set
of independent effective operators up to dimension-6 for two BSM scenarios: 2HDM and MLRSM.
To start with, we have demonstrated the building blocks for the HS: Plethysthic Exponentials
(PEs) and Haar measure. The PEs are constructed for bosonic and fermionic fields using the
transformation properties of the fields under the internal gauge symmetry and Lorentz group. In
this connection, we have also mentioned how this information is encrypted in the characters of
those representations. Once the PEs are constructed, they are integrated on the group space using
the Haar measure. These allow us to obtain the full Hilbert Series in a polynomial form. In our
case, the index parameter for this polynomial expansion is the mass dimension. Thus we have been
able to truncate the series based on the mass dimensionality of the operators. We have restricted
ourselves up to dimension-6 operators. This method also takes care of two significant constraints
related to the derivative operators: Equations of Motion (EOMs) and Integration by Parts (IBPs).
Thus all the redundancies are removed and a complete set of independent operators for a given
mass dimension is computed.
After constructing the operators, we have analysed how they can affect the predictions of the
renormalizable version of the adopted scenarios: 2HDM and MLRSM. First, we have calculated
the scalar and gauge field redefinitions due to φ4D2 and φ2X2 class of operators respectively and
have estimated the corresponding modifications in the spectra. We have also focused on other
sets of operators, which directly affect the spectrum, and included their contributions. Noting
down all such contributions, we have provided the full mass spectra for scalar and gauge fields
within the effective theory frameworks of 2HDM and MLRSM. We have further estimated the
additional contributions to the charged and neutral fermion masses from the relevant operators.
After completing the spectrum analysis, we have looked into the low energy observables which are
precisely measured in the experiments, namely Weak mixing angle, Fermi constant, ρ and oblique
(S, T, U) parameters. For both the scenarios, we have analytically computed the contributions to
these observables. We have also listed all the relevant modified Feynman vertices which affect the
above mentioned low energy processes, and are also involved in the production and decay modes of
the BSM particles leading to interesting phenomenological signatures at the LHC, FCC. We have
concluded with a discussion on the impacts of these effective operators on the magnetic moments
of charged fermions, LNV and LFV processes, and the theoretical constraints, like tree unitarity
using four-point scalar interactions and vacuum stability, i.e., boundedness criteria of the scalar
potential.
Our future plan is to embed the 2HDM- and MLRSM-EFT frameworks in FeynRules using
Refs. [267–271] to adjudge them in the light of collider and low energy experiments and precision
observable tests.
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